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PREFACE TO THE PEESENT EDITION OF 

PART III. 



The present edition of this Part contains extensive changes. 

In the electro-statics, the chapter on potential has been recast and 
made more demonstrative. There are also additions relating to Dr. 
Kerr's discoveries, charge by cascade, and some minor points. 

Under the head of Magnetism, investigations have been introduced 
relating to bifilar suspension, and to the directive tendency of soft- 
iron needles. 

In the department of Current Electricity, there has been a com- 
plete rearrangement of subjects. The chemical relations of the 
current are discussed as early as possible, while thermo-electricity 
is reserved for a chapter on relations between electricity and heat. 
The chapter on induced currents, which was formerly the last of all, 
has been put next to that on electro-dynamics, and is followed by 
two chapters on telegraphs and other applications of electricity. 
Additional matter has been introduced under the following heads: — 

General law for magnetic force due to current in given circuit; 

Helmholtz's galvanometer; 

Swing produced by instantaneous current; 

The galvanometer a true measurer of current; 

Eowland's experiment on the motion of a charged body; 

Plant6's secondary battery; 

Chemical relations of electro-motive force; 

Eesistance coils and boxes; 

Wheatstone's bridge, and conjugate branches; 

Clark's method for electro-motive force; 

Thomson's method for resistance of galvanometer; 

Mance's method for resistance of battery; 

Thermo-electric diagrams; 

Convection of heat by electricity; 

Pyro-electricity; 
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Effect of light on resistance of selenium; 

Deduction of law of induced currents from electro-dynamic law; 

Superposition of tubes of force; 

Stratified discharge from galvanic battery; 

Siemens' and Gramme's magneto-electric machines; 

Cowper's writing telegraph; 

Duplex telegraphy; 

Edison's electric pen; 

The telephone, the microphone, and the induction balance. 

A collection of Examples, with answers, has been introduced at 

the end of the volume. 

J. D. E. 

Belfast, December ^ 1880. 



NOTE PEEFIXED TO FIRST EDITION. 

The accurate method of treating electrical subjects which has been 
established in this country by Sir Wm. Thomson and his coadjutors, 
has not yet been adopted in France; and some of Faraday's electro- 
magnetic work appears to be still very imperfectly appreciated by 
French writers. The Editor has accordingly found it necessary to 
recast a considerable portion of the present volume, besides intro- 
ducing two new chapters and an Appendix. Potential and lines of 
force are not so much as mentioned in the original. 

The elements of the theory of magnetism have been based on Sir 
Wm. Thomson's papers in the Philosophical Transactions; and the 
description of the apparatus used in magnetic observatories has been 
drawn from the recently published work of the Astronomer Royal. 
The account of electrical units given in the Appendix is mainly 
founded on the Report of the Electrical Committee of the British 
Association for the year 1863. 

M. Deschanel's descriptions of apparatus, of which some very 
elaborate examples occur in the present volume, left little to be 
desired in point of clearness. In no instance has it been found 
necessary to resort to the mere verbal rendering of unintelligible 
details. 
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REDUCTION OF FRENCH TO ENGLISH MEASURES. 



Length. 

1 millimetre = '03937 inch, or about ^^ inch. 
1 centimetre = '3937 inch. 
1 decimetre =3 937 inch. 
1 metre=39-37 inch=3-281 ft.=l-093G yd. 
1 kilometre =1093 '6 yds., or about f mUe. 
More accurately, 1 metre =39 '370432 in. 
=3-2808693 ft. =1-09362311 yd. 



1 sq. centim. = '155 sq. m. 
1 sq. decim. =15*5 sq. in. 
1 sq. metre = 1650 sq. in. = 10*764 sq. ft. = 
1-196 sq. yd. 

Volume. 

1 cub. millim. = '000061 cub. in. 

1 cub. centim. = '061025 cub. in. 

1 cub. decim. =61*0254 cub. in. 

cub. metre =61026 cub. in. =36-3166 cub. 

ft. =1*308 cub. yd. 



I The Litre (used for liquids) is the snmo &» 
I the cubic decimetre, and is equal to 1*7617 
pint, or '22021 gallon. 

Mass and Weioht. 

1 milUgramme= '01543 grain. 

1 gramme =15*432 grain. 

1 kilogramme= 16432 grains =2 '205 lbs. avoir. 

More accurately, the kilogramme is 

2-20462126 lbs. 

Miscellaneous. 

1 gramme per sq. centim. =2 '0481 lbs. per 

sq. ft. 

1 kilogramme per sq. centim. =14 '2*23 lbs. per 

sq. in. 

1 kilogrammetre=7*2331 foot-pounds. 
1 force de cheval=76 kilogprammetres per 
second, or 642^ foot-pounds per second nearly, 
whereas 1 horse-power (English) =660 foot- 
pounds per second. 



REDUCTION TO C.G.S. MEASURES. (See page 48.) 
[cm, denotes centime tre(s); gm, denotes gramme(s).] 

Length. 



1 inch =2'64 centimetres, nearly. 

1 foot =30*48 centimetres, nearly. 

1 yard =91 '44 centimetres, nearlv. 

1 statute mile =160933 centimetres, nearly. 
More accurately, 1 inch =2*6399772 centi- 
metres. 

Area. 

1 sq. inch =6*45 sq. cm., nearly. 
1 sq. foot =929 sq. cm., nearly. 
1 sq. yard=8361 sq. cm., nearly. 
1 sq. mile =2*69x10^® sq. cm., nearly. 

Volume. 

1 cub. inch =16*39 cub. cm., nearly. 
1 cub. foot =28316 cub. cm., nearly. 



1 cub. yard =764535 cub. cm., nearly. 
1 gallon =4541 cub. cm., nearly. 

Mass. 

1 grain = '0648 gramme, nearly. 
1 oz. avoir. =28*35 gramme, nearly. 
1 lb. avoir. = 463*6 gramme, nearly. 
1 ton = 1 *016 X 10^ gramme, nearly 

More accurately, 1 lb. avoir. =453*59265 gm. 

Velocitt. 

1 mile per hour =44*/104 cm. per sec 
1 kilometre per hour=27'7 cm. per seo. 

Density. 

1 lb. per cub. foot = '016019 gm. per cub. 

cm. 
62 '4 lbs. per cub. ft. =1 gm. per cub, cm. 

h 



FRENCH AND ENGLISH MEASURES. 



If 
it 
ii 
tf 



It 



Force (assuming g = 981). (See p. 48. ) 

Weight of 1 grain =; 63 -57 dynes, nearly. 

1 oz. avoir. =278 x 10*dynes,nearly. 
1 lb. avoir. =4*45 x 10'dyne8,nearly. 
1 ton = 9 -97 X 108 dynes,nearly. 
1 gramme =981 dynes, nearly. 
1 kilogramme = 9-81 x 10* dynes, 

nearly. 

Work (assuming ^=981). (See p. 48.) 

1 foot-pound =1*356 x lO' ergs, nearly. 

1 kilogrammetre =9*81 x 10' ergs, nearly. 
Work in a second ^ 

by one theoretical V =7*46 x 10^ ergs, nearly. 
" horse." ) 



Stress (assuming ^=981). 

1 lb. per sq. ft. =479 dynes per sq. cm., 

nearly. 
1 lb. per sq. inch =6'9 x 10* dynes per sq. 

cm., nearly. 
1 kilog. per sq. cm. =9*81 x 10* dynes per sq. 

cm., nearly. 
760 mm. of mercury at 0°C. =1*014 x 10* dynes 

per sq. cm., nearly. 
30 inches of mercury at 0" C.=l •0163x10* 

dynes per sq. cm., nearly. 
1 inch of mercury at 0° C. =3-388 x 10* dynes 

per sq. cm., nearly. 



TABLE OF CONSTANTS. 

The velocity acquired in falling for one second in vacuo, in any part of Great Britain, is 
about 32*2 feet per second, or 9*81 metres per second. 

The pressure of one atmosphere, or 760 millimetres (29*922 inches) of mercury, is 1*033 
kilogramme per sq. centimetre, or 14'73 lbs. per square inch. 

The weight of a litre of dry air, at this pressure (at Paris) and 0" C, is 1-293 gramme. 

The weight of a cubic centimetre of water is about 1 gramme. 

The weight of a cubic foot of water is about 62* 4 lbs. 

The equivalent of a unit of heat, in gravitation units of energy, is — 

772 for the foot and Fahrenheit degree. 
1390 for the foot and Centigrade degree. 

424 for the metre and Centigrade degree. 
42400 for the centimetre and Centigrade degree. * 

In absolute units of energy, the equivalent is — 

41*6 millions for the centimetre and Centigrade degree; 

or 1 gramme-degree is equivalent to 41 '6 million eigs. 



UNITS EMPLOYED BY PRACTICAL ELECTRICIANS. 

The ohm is (or was intended to be) 10® C. G. S. electro-magnetic units of resistance. 

The voU is 10^ C. G. S. electro-magnetic units of electro-motive force. 

The weber is ^ of the C. G. S. electro-magnetic unit of quantity ; and a current of 1 weber 
per second is produced by an electro-motive force of 1 volt in a circuit whose resistance is 
1 ohm. 

The farad is 10~' of the C. G. S. electro-magnetic imit of capacity, and the microfarad is 
the millionth part of the farad. A charge of 1 weber given to a condenser of capacity 1 f aiad 
would raise its potential by 1 volt. 



ELECTRICITY. 



CHAPTER XLI. 

INTRODUCTOBT PHENOMENA. 

556. Fundamental Phenomena. — If a glass tube be nibbefl witb a 
silk handkerchief, both tiilie and rubber being very dry, the tube 
will lie found to have acquired the property of attracting light bodies. 
If the part rubbed be held uear to small scraps of paper, pitices of 
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cut straw, sawflust, &c., these olijeeta will uiove to the tube; some- 
times they remain in contact with it, sometiiiies they are alternately 
attracted and repelled, the intensity as well an the duration of these 
effects varying according to the amount of friction to which the tube 

has been subjected. 

If tlie tube be Ijrijujrht near tlie face-, the result is a sensation similar 
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to that produced by the contact of a cobweb. If the knuckle be held 
near the tube, a peculiar crackling noise is heard, and a bright spark 
passes between the tube and knuckle. The tube then has acquired 
peculiar properties by the application of friction. It is said to be 
electrified, and the name of electricity is given to the agent to which 
the various phenomena just described are attributed. 

Glass is not the only substance which can be electrified by friction; 
the same property is possessed also by resin, sulphur, precious stones, 
amber, &c. The Greek name of this last substance {fiXeicrpov) is the 
root from which the word electricity is derived. 

At first sight it appears that this property of becoming electrified 
by friction is not common to all bodies; for if a bar of metal be held 
in the hand and rubbed with wool, it does not acquire the properties 




Fig. 88&— Electrification of a Metal by Friction. 

of an electrified body. But we should be wrong in concluding that 
metals cannot be electrified by friction; for if the bar be fitted on to 
a glass rod, and, while held by this handle, be struck with fiannel or 
catskin, it may be very sensibly electrified. There is therefore no 
basis for the distinction formerly made between electrics and non- 
electrics, that is, between substances capable and incapable of being 
electrified by friction; for all bodies, as far as at present known, are 
capable of being thus excited. There is, however, an important dif- 
ference of another kind between them, which was first pointed out 
by Stephen Grey in 1729. 

657. Conductors and Non-conductors. — In certain bodies, such as 
glass and resin, electricity does not spread itself beyond the parts of 
the surface where it has been developed; while in other bodies, such 
as metals, the electricity developed at any point immediately spreads 
itself over the whole body. Thus, in the last-mentioned experiment, 
the signs of electricity are immediately manifested at the end of the 
metal bar which is farthest from the glass rod, if the end next the 
rod be submitted to friction. Bodies of the former kind, such as 
glass, resin, &c., are said to be non-conductors. Metals are said to 
be good conductors. A non-conductor is often called an insulator, 
and a conductor supported by a non-conductor is said to be in- 
sulated. The appropriateness of these expressions is evident. No 
substance is perfectly non-conducting, but the difference in conduct- 
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ing power between what are called non-ponductors and good con- 
ductors, is enormous'. The following are lists of conductors and 
non-conductors, arranged, at least approximately, in order of their 
conducting powers. In the list of conductors, the best conductors 
are put first; in the list of non-conductors, the worst conductors (or 
best insulators) are put first. 





Conductors. 


, 


All metals. 


Metallic ores. 


Living vegetables. 


Well-bumed charcoal 


Animal fluids. 


Flax. 


Plumbago. 


Sea water. 


Hemp. 


Concentrated acids. 


Spring water 


Living animals. 


Dilute acidn. 


Rain water. 


Flame. 


Saline solutions. 


Snow. 

NON-CONDUCTOBS. 


Moist earth and stones. 


Shellac. 


Gems. 


Leather. 


Amber. 


Ebonite. 


Baked wood. 


Resins. 


Caoutchouc. 


Porcelain. 


Sulphur, 


Gutta-percha. 


Marble. 


Wax. 


Silk. ' 


Camphor. 


Jet. 


Wool. 


Chalk. 


Glass. 


Feathers. 


Lime. 


Mica. 


Dry paper. 


Oils. 


Diamond. 


Parchment. 


Metallic oxides. 



The human body is a good conductor of electricity. If a person 
standing on a stool with glass legs be struck with a catskin, he 
becomes electrified in a very perceptible degree, and sparks may be 
drawn from any part of his body. 

When an insulated and electrified conductor is allowed to touch 
another conductor insulated but not electrified, it is observed that, 
after the contact, both bodies possess electrical properties, electricity 
having been communicated to the second body at the expense of the 
first. If the second body be much the larger of the two, the electri- 
city of the first is greatly diminished, and may become quite insen- 
sible. This explains the disappearance of electricity when a body is 
put in connection with the earth, which, together with most of the 
objects on its surface, may be regarded as constituting one enormous 
conductor. On account of its practically inexhaustible capacity for 
furnishing or absorbing electricity, the earth is often called the corrv- 
mon reservoir. 

It will now be easily understood why it is not possible to electrify 
a metal rod by rubbing it while it is held in the hand; since the 
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electricity, as fast as it is generated, passes off through the body into 
the earth. 

Air, when thoroughly dry, is an excellent insulator; and electrified 
conductors exposed to it, and otherwise insulated, retain their charge 
with very little diminution for a considerable time. Dampness in the 
air is, however, a great obstacle to insulation, mainly, or (as it would 
appear from Sir W. Thomson's experiments) entirely, by reason of the 
moisture which condenses on the insulating supports. Electrical 
experiments are accordingly very difficult to perform in damp wea- 
ther. The difficulty is sometimes met by employing a stove to heat 
the air in the neighbourhood of the supports, and thus diminish its 
relative humidity. Sir W. Snow Harris employed heating-irons, 
which were heated in a fire, and then fixed near the insulating sup- 
ports; and thus succeeded in exhibiting electrical experiments to an 
audience in the most unfavourable weather. Sir W. Thomson, by 
keeping the air in the interior of his electrometers dry by means of 
sulphuric acid, causes them to retain their charge with only a small 
percentage of loss in twenty-four hours. Dry frosty days are the best 
for electrical experiments, and next perhaps to these, is the season 
of dry cutting winds in spring. 

668. Duality of Electricity. — The elementary phenomena which wc 
have mentioned in the beginning of this chapter may be more accu- 
rately studied by means of the electric pendulum, which consists of a 
pith-ball suspended by a silk fibre from an insulated support. When 
an electrified glass rod is brought near the insulated ball, the latter 
is attracted; but as soon as it touches the glass tube, the attraction 
is changed to repulsion, which lasts as long as the ball retains the 
electricity which it has acquired by the contact. A similar experi- 
ment can be shown by employing, instead of the glass tube, any 
other body which has been electrified by friction, for example, a 
piece of resin which has been rubbed with flannel. 

If, while the pendulum exhibits repulsion for the glass, the electri- 
fied resin is brought near, it is attracted by the latter; and conversely, 
when it is repelled by the resin, it is attracted by the glass. These 
phenomena clearly show that the electricity developed on the resin 
is not of the same kind as that developed on the glass. They exhibit 
opposite forces towards any third electrified body, each attracting what 
the other repels. They have accordingly received names which indi- 
cate opposition. The electricity which glass acquires when rubbed 
with silk, is called positive; and that which resin acquires by friction 
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I with flannel, ■n^gaiiv. The formpr is also called vUreouB, and the 
f latter resinous. On repeating the expei'imeut with other subiitanees, J 
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■it is found that all electrified bodies behave either like the glass or 
I like the i-esin. 

9. — Witliout making any assumption as to what electricity is, 
Iwe may speak of an electrified body as being cliarged with electricity, 
land we may compare cjuantitiea of electricity by means of tlie attrac- 
■■tioiis and repulsions exerted. Bodies oppositely electrified must then 
[be spoken of as charged with electridties of iipj/unite hiinl, or of 
tvpiJosile alf/n; and experiment shows that, whenever electricity of 
I the one kind is developed, whether by fi'iction or by any other means, 
lelectricity of the opposite sign is always developed in exactly equal 
■■<|Uantity. If a conductor receives two charges of electricity of equal 
j)*antity but opposite sign, it is found to exhibit no traces of eiectri- 
B«ity whatever. 

Eh-.ct'i'icitieii uf like sigii- risjiel one witolher and llione of ttnUJix 
Msign attract one another. — The magnitude of the force exerted upon 
■each other by two electrified bodies, is not altered in amount by 
■reverfiing the sign of the electricity of one or both of them, provided 
(that the quaiititii's of elu-etrieity, ami their distributinn over the two 
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bodies, remain unchanged. If the sign of one only be changed, the 
mutual force is simply reversed, and if the signs of both be changed, 
the force is not changed at all. 

660. — The simultaneous development of both kinds of electricity 
is illustrated by the following experiment: — Two persons stand on 
stools with glass legs, and one of them strikes the other with a cat- 
skin. Both of them are now found to be electrified, the striker posi- 
tively, and the person struck negatively, and from both of them 
sparks may be drawn by presenting the knuckle. 

The kind of electricity which a body obtains by friction With 
another body, evidently depends on the nature of their surfaces. If, 
for example, we take two discs, one of glass, and the other of metal, 
and, holding them by insulating handles, rub them briskly together, 
we shall find that the metal becomes negatively, and the glass posi- 
tively electrified; but if the metal be covered with a catskin, and 
the experiment repeated, it will be the glass which will this time be 
negatively electrified. In the subjoined list, the substances are ar- 
ranged in such order that, generally speaking, each of them becomes 
positively electrified by friction with those which follow it, and 
negatively with those which precede it. 

Fur of cat. Feathers. Silk. 

Polished glass. Wood. Shellac. 

Woollen stuffs. Paper. Rough glass. 

661. Hypotheses regarding the Nature of Electricity. — Two theories 
regarding the nature of electricity must be described on account of 
the historical interest attaching to them. 

The two-fluid theory ^ originally propounded by Dufaye, reduced 
to a more exact form by Symmer, and still very extensively adopted, 
maintains that the opposite kinds of electricity are two fluids. Posi- 
tive electricity is called the vitreous fluid, and negative electricity 
the resinous fluid. Fluids of like name repel, and those of unlike 
name attract each other. The union of equal quantities of the two 
fluids constitutes the neutral fluid which is supposed to exist in very 
large quantity in all unelectrified bodies. When a body is electri- 
fied, it gains an additional quantity of the one fluid, and loses an 
equal quantity of the other, so that the total amount of electric fluid 
in a body is never changed; and (as a consequence of this last con- 
dition) when a current of either fluid traverses a body in any direc- 
tion, an equal current of the other fluid traverses it in the opposite 
direction. 
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This theory is in complete agreement with all electrical phenomena 
o far as at present known; but as it ia conceivable that the two 
electricities, instead o£ being two kinda of matter, may be two kinds 
of motion, or, in some other way, may bo opposite states of one and 
the same substance, it ia more philoaophieal to avoid the assumption 
t involved in speaking of two electric fiuids, and to speak ratlier of 
J opposite electricities. They may be distinguished indifferently 
by the names vitreouB and resinous, or positive and negative. 

The one-Jhiid tlieoi'y, as originally propounded by Franklin, main- 
I tained the existence of only one electric fluids which unelectrified 
bodies possess in a certain normal amount. A positively electrified 
body has more, and a negatively electrified body less than its normal 
I amount. The particles of this fluid repel one another, and attract 
the particles of other kinds of matter, at all distances. ./Epinus, in 
developing this theory more accurately, found it necessary to intro- 
duce the additional hypothesis that the particles of matter repel one 
another. Thus, according to jEpinua, the absence of sensible foi'ce 
between two bodies in the neutral condition, ia due to the equilibrium 
I of four forces, two of which are attractive, and the other two repul- 
i sive. Calling the two bodies A and B, the electricity which A pas- 
l sesses in normal amount, is repelled by the electricity of B, and 
I attracted by the matter of B. The matter of A is attracted by the 
electricity of B, and repelled by the matter of B, These four forces 
are all equal, and destroy one anotlusr; but, without the supplemen- 
i tary hypothesis of j?ipinu3, one of the four forces is wanting, and the 
I equihbrium is not easily explained. To reconcile ^pinus's addition 
1 with the Newtonian theory of gravitation, it is necessary to suppose 
I that the equality between tlie four forces is not exact, the attractions 
I being greater by an infinitesimal amount than the repulsions. 

The one-fluid theory in this form 'is, like the two-fluid theory, 
i consistent with the explanation of all known phenomena. But it is 
I to be remarked that there Ls no sufficient reason, except established 
[c, for deciding which of the two opposite electricities should be 
\ regarded ft-s con'esponding to an excess of the electric fluid. 

Franklin was the author of the terms positive and negative to 
denote the two opposite kinds of electrification; but the names can 
legitimately be retained without accepting the one-fliiid theory, 
underatanding that opposite signs imply forces in opposite directions, 
and that the connection between the positive sign and the forces 
L exhibited by vitreous electricity h merely conventional. 
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662. — In speaking of electric currents, the language of the one- 
fluid theory is almost invariably employed. Thus, if A is a con- 
ductor charged positively, and B a conductor charged negatively; 
when the two are put in connection by a wire, we say that the 
direction of the current is from A to B; whereas the language of the 
two-fluid theory would be, that a current of vitreous or positive 
electricity travels from A to B, and a current of resinous or negative 
from B to A. 
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663. Induction. — In the preceding chapter we have spoken of move- 
ments of material bodies caused by electrical attractions and repul- 
sions. We have now to treat of the movement of electricity itself 
in obedience to the attractions or repulsions exerted upon it by other 
electricity. This kind of action is called induction. 

It may be illustrated by means of the arrangement shown in Fig. 
335. The apparatus consists of a sphere C which is electrified posi- 
tively, suppose, and of 
a conducting insulated 
cylinder A B placed 
near it. From this 
latter are suspended at 
equal distances a few 
pairs of pith - balls. 
When the cylinder 
is brought near the 
sphere, the balls are 
observed to diverge. 
The divergence of the 
different pairs is not 

the same, but goes on decreasing from the pair nearest the cylinder 
until a point M is reached, where there is no divergence. Beyond 
this the divergence goes on increasing. The neutral point M does 
not exactly bisect the length of the cylinder, but is nearer the end 
A than the end B, and the former end is found to be more strongly 
electrified than the latter. 

It is easy to show that tlie two ends of the cylinder are charged 
with opposite kinds of electricity; the end A being negatively, and 
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Fig. 835.— Electrification by Influence. 
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the end B positively electrified. We have only to bring an electrified 
stick of resin near the pith-balls at A, when these will be found to 
be repelled; if, on the contrary, it be held near those at B, they will 
be attracted. 

The explanation is, that the positive electricity with which C is 
charged attracts the negative electricity of A B to the end A, and 
repels the positive to the end B. This action is more powerful at A 
than at B, on account of the greater proximity of the influencing 
body, and for the same reason the effect falls off more rapidly in the 
portion AM than in MB. 

If the cylinder be brought closer to the sphere, the divergence of 
the balls increases; if it be removed farther from it, the divergence 
diminishes. Finally, all signs of electricity disappear if the sphere 
be taken away, or connected with the earth. 

If, while the cylinder is under the influence of the electricity of C, 
the end B is connected with the earth, the pith-balls at this end 
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Fig. 336.— Successive Induction. 



immediately collapse, while the divergence of those at A increases. 
The explanation is that the electricity which was repelled to the end 
B escapes to the earth, and thus affords an opportunity for a fresh 
exercise of induction on the part of the sphere, which increases the 
accumulation of negative electricity at A. We may also remark that 
the whole of the cylinder is now negatively electrified, the neutral 
line being pushed back to the earth. If the earth-connection be 
now broken, and the sphere C be then removed, the cylinder will 
remain negatively electrified, and will be in the same condition as if 
it had been touched by a negatively-electrified body. This mode 
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of giving a charge to a conductor is called ckargimg by ind/wction, 
and the charge thus given ia always opposite to that of the indncmg 
body G. 

If a aeries of such conductors aa A B be placed in line, without 
contact, and the positively-electrified body C be placed opposite to 
one end of the series, all the conductors will be affected in the same 
oner as the single conductor in the last experiment. They will 
all be charged with negative electricity at the end next C, and with 
positive electricity at the remote end, the effect, however, becoming 

I feebler as we advance in the series. In this experiment each of the 

[ conductors acts inductively upon those next it; for example, if there 
be two conductors AB, A'B', as in Fig. 336, the development of 

I electricity at A' and B' is mainly due to the action of the positive 

I electricity in MB. If the conductor AB be removed, the pith-balls 

I at A' and B' will diminish their divergence. 

The molecules of a body may he regarded as such a aeries of con- 

[ duetors, or rather as a number of such series. When an electrified 
body ia brought near it, each molecule may thus become positive on 
one side and negative on the other. In the case of good conductors, 
this polarization is only instantaneous, being destroyed by the dis- 
charge of electricity from particle to particle. Good insulators are 
substances wliich are able to resist this tendency to discharge, and 
to maintain a high degree of polarization for a great length of time. 
This is Faraday's theory of " induction by contiguous particles." 

564, Electrical Attraction and RepnlBicm. — The attraction which is 
observed when an electrified is brought near to 
an unelectrified body, is dependent upon in- \ 
duction. Suppose, for instance, that a body \ 
C, which is positively electrified, is brought \ ^ 

near to an insulated and uncharged pith-ball, l^^ \u /; •«^'^^ 
Negative electricity is induced on the near V^ \„a_tM!a^-. 
side of the pith-ball, and an equal quantity of Fig asr -HMtricii Atttmcuoo. 

1 positive on the further side. The furnier, being 
nearer to the body C, is more strongly attracted than tht rther is 
repelled. The ball is therefore upon the whole attracted 

If the pith-ball, instead of being insulated, is suspended by a con 

. ducting thread from a support connected with the earth it w ill be 
more strongly attracted than before, as it is now entirelj charged 
with negative electricity. 

In the case of any insulated conductor, the altjebraic sum of the 
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electricities induced upon it by the presence of a neighbouring elec- 
trified body must be zero. If the pith-ball be insulated, and have 
an independent charge of either kind of electricity, the total force 
exerted on the pith-ball is the algebraic sum ^ of the two following 
quantities: — 

(1) The force which the ball would experience, if it had no 
independent charge. This force, as we have just seen, is always 
attractive. 

(2) The force due to the independent charge when distributed 
over the ball as it would be if C were removed. This second force 
is attractive or repulsive, according as the independent charge is of 
unlike or like sign to that of C. In tlie latter case, repulsion will 
generally be observed at distances exceeding a certain limit and 
attraction at nearer distances, the reason being that the force (1) due 
to the induced distribution increases more rapidly than the other as 
the distance is diminished. 

It is important to remember this in testing, by the electric pen- 
dulum, or by any other electroscope, the kind of electricity with 
which a body is charged. In bringing the body towards the elec- 
troscope, the first movement produced is that which is to be observed, 
and repulsion is in general a more reliable test of kind of electricity 
than attraction. 

666. Electroscopes. — An electroscope is an apparatus for detecting 
the presence of electricity, and determining its sign. The insulated 
electric pendulum is an electroscope. If the pith-ball, when itself 
uncharged, is attracted by a body brought near it, we know that the 
body is electrified. To determine the kind of electricity, the body 
is allowed to touch the pith-ball, which is then repelled. At this 
moment an excited glass tube is brought near. If it repels the ball, 
this latter, as well as the body which touched it, must be electrified 
positively. If the glass tube attracts it, or, still more decisively, if 
excited resin or sealing-wax repels it, the ball and the body which 
touched it are electrified negatively. The loss of electricity from the 
pith-ball is often so rapid as to render this test of sign somewhat 
uncertain. 

The gold-leaf electroscope (Fig. 338) is constructed as follows: — 

* We here suppose C to be a non-conductor, so that the distribution of its electricity is 
not affected by the presence of the pith-ball. If C be a conductor, the effect of induction 
upon it will be to favour attraction, so that an attractive force must be added to the two 
forces specified in the text. 
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Fig. 338.— Gold-leaf Electroscope 



Two small gold-leaves are attached to the lower end of a metallic 
rod, which passes through an opening in the top of a bell-glass, and 
terminates in a ball. The metallic rod is sometimes, for the sake of 
better insulation, inclosed in a glass tube secured by sealing-wax or 
some other non-conducting cement, 
and, for the same purpose, the upper 
part of the bell-glass is often varnished 
with shellac, which is less apt than 
glass to acquire a deposit of moisture 
from the air. The bell-glass is attached 
below to a metallic base, which ex- 
cludes the external air. For the orold- 
leaves are sometimes substituted two 
straws, or two pith-balls suspended 
by linen threads; we have thus the 
8traw-electro8Cope and the pith-ball 
electroscope. 

To test whether a body is electri- 
fied, it is brought near the ball at 
the top of the electroscope. The like 
electricity is repelled into the leaves, 

and makes them diverge, while the unlike is attracted into' the 
ball. The sign of the body's charge may be determined in the 
following manner: — While the leaves are divergent under the in- 
fluence of the body, the operator touches the ball with his finger. 
This causes the leaves to collapse, and gives to the insulated con- 
ductor composed of leaves, rod, and ball, a charge opposite to that 
of the influencing body. The finger must be removed while the 
influencing body remains in position, as the amount of the induced 
charge depends upon the position of the influencing body at the 
instant of breaking connection. On now withdrawing the influencing 
body, the charge of unlike electricity is no longer attracted to the 
ball, but spreads over the whole of the conductor, and causes the 
leaves to diverge. If, while this divergence continues, an excited 
glass tube, when gradually brought towards the ball, diminishes the 
divergence, we know that the body in question was electrified posi- 
tively. If it increases the divergence, the body was electrified nega- 
tively. 

Great caution must be used in bringing electrified bodies near the 
gold-leaf electroscope, as the leaves are very apt to be ruptured by 
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quick movements. If they diverge so widely as to touch the sides 
of the bell-glass, it is often difficult to detach them from the glass 
without tearing. To prevent this contact, two metallic columns are 
interposed, communicating with the ground. If the leaves diverge 
too widely, they touch these columns and lose their electricity. 
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Coulomb's Torsion-balance.- — Coulomb, who wan the first to 
juake electricity an accurate Hcience, employed in bis reBcarchea an 
instrument which is often called after his name, and which is still 
■(extensively employed. It depends on the principle that the torsion 
p£ a wire is simply proportional to the twisting couple. We shall 
it describe it, and then point out some of its applications. 
It consists of a cylindrical glass 
ease AA (Fig. 33!)), from the upper 
end B of which rises another glass 
cylinder DD of much smaller dia- 
This small cylinder is fitted 
kt the top with a brass cap a, carry- 
.g an index C Outside of this, 
and capable of turning round it, is 
another cap b, the top of wLicli is 
divided into 3()0 equal parts. In 
the centre of the cap fc is an opening 
through which passes a small metal 
cylinder d, capable of turning in 
the opening with moderate fiic- 
tion, and having at its lower end 
a notch 'or slit. When the cap b 
turned, the cylinder d turas with 
it; but the latter can also be 

led separately, so as not to change the reading. Tliese parts com- 
[iK)se the torsion-head. A very fine metallic wire is held by the notch, 
id supports a small piece of metal, through whicli passes a light 
of shellac /, carrying at one end a small gilt ball g. A circular 
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scale runs round the outside of the large cylinder in the plane of the 
neiedle. Finally, opposite the zero of this scale, there is a fixed ball g 
of some conducting material, supported by a rod /' of shellac, which 
passes through a hole in the cover of the cylindrical ease. 

667. Laws of Electric Repulsion. — To illustrate the mode of em- 
ploying this apparatus for electrical measurements, we shall explain 
the course followed by Coulomb in investigating the law according 
to which electrical repulsions and attractions vary with the distance. 
The index is set to the zero of the scale. The inner cylinder d is 
then turned, until the movable ball just touches the fixed ball without 
any torsion of the wire. The fixed ball is then taken out, placed 
in communication with an electrified body, and replaced in the 
apparatus. The electricity with which it is charged is commu- 
nicated to the movable ball, and causes the repulsion of this latter 
through a number of degrees indicated by the scale which surrounds 
the case. In this position the force of repulsion is in equilibrium 
with the force of torsion tending to bring back the ball to its original 
position. The graduated cap h is then turned so as to oppose the 
repulsion. The movable ball is thus brought nearer to the fixed 
ball, and at the same time the amount of torsion in the wire is 
increased. By repeating this process, we obtain a number of dif- 
ferent positions in which repulsion is balanced by torsion. But 
we know, from the laws of elasticity, that the force (strictly the 
couple^) of torsion is proportional to the angle of torsion. Hence we 
have only to compare the total amounts of torsion with the distances 
of the two balls. By such comparisons Coulomb found that the force 
of electrical repulsion varies inversely as the square of the distance. 

The following are the actual numbers obtained in one of the 
experiments. The original deviation of the movable ball being 36°, 
it was found that, in order to reduce this distance to 18°, it was 
necessary to turn the head through 126°, and, for a farther reduction 
of the deviation to 8°*5, an additional rotation through 441° was 
required. It will thus be perceived that at the distances of 36°, 18°, 
and 8°'5, which may be practically considered as in the ratio of 1, ^, 
and J, the forces of repulsion were equilibrated by torsions of 36°, 

* The repulsive force on the movable ball is equivalent to an equal and parallel force 
acting at the centre of the needle (the point of attachment of the wire), and a couple whose 
arm is the perpendicular from this centre on the line joining the balls. This couple must 
be equal to the couple of torsion. The other component produces a small deviation of the 
suspending wire from the vertical. 
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126* + 18"= 144", and 441 + 126 + 8-5 = 575"-5 respectively. Now 144 
is 36x4, and 575*5 may be considered as 576, or 36x16. Hence 
we perceive that, as the distance is divided by 2, or by 4, the force 
of repulsion is multiplied by 4 or by 16, which precisely agrees with 
the law enunciated above. 

668. Equation of Equilibrium. — We must, however, observe that 
in this mode of reducing the obser- 
vations two inaccurate assumptions 
are made. Fii^t, the distance be- 
tween the balls is regarded as being 
equal to the arc which lies between 
them, whereas it is really the chord 
of that arc. Secondly, the force 
of repulsion is regarded as acting 
always at the same arm, whereas 
its arm, being the perpendicular 
from the centre on the chord, dimi- 
nishes as the distance increases. The following investigation is more 
rigorous. 

Let AOB (Fig. 340), the angular distance of the balls, be denoted 
by a, and let I be the length of the radius OA. Then the chord 
AB is 21 sin \ a, and the arm OK is I cos \a. Let / denote the 
force of repulsion at unit distance, and n the couple of torsion for 1°. 

Then the force of repulsion in the given position is Ajif:^%i if the 

law of inverse squares be true, and the moment of this about the 

centre is ;,^^^.^ , which must be equal to tiA, if A be the number 

4 1 sin' ^ a* ^ ' . 

of degrees of torsion. Hence we have 

^ = A sin i a tan J a, 




4n2 



and as the first member of this equation is constant, the second mem- 
ber must be constant also for different values of A and a, if the law 
of inverse squares be true. The degree of constancy is shown by the 
following table: — 

a 
1st experiment, 36 

2d experiment, . 18 

3d experiment, 8'5 

Supposed case, 9 

The diiference between the first and second numbers of the last 

36 



A 
36 


A 


sin \ a tan 
3-614 


4 a. 


144 

676-5 

576 




3-668 
3-169 
3-557 
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column is insignificant. That between the second and third is more 
considerable/ but in reality only corresponds to an error of half a 
degree in the measurement of the arc. 

669. Case of Attraction. — The law of attractions maybe investigated 
by a similar method. The index is set to zero, and the central piece 
is turned so as to place the movable ball at a known distance from 
the fixed ball. The two balls are then charged with electricity of 
different kinds. The movable ball is accordingly attracted towards 
the other, and settles in a position in which attraction is balanced by 
torsion. By altering the amount of torsion, different positions of the 
ball can be obtained. On comparing thie distances with the corre- 
sponding torsions, it is found that the same law holds as in the case 
of repulsion. The experiment, however, is difficult, and is only pos- 
sible when the balls are very feebly electrified. To prevent the 
contact of the two balls. Coulomb fixed a silk thread in the instru- 
ment^ so as to stop the course of the movable ball. 

570. Law of Attraction and Repulsion as depending on Amount of 
Charge. — We may assume as evident, that when an electrified ball 
is placed in contact with a precisely equal and similar ball, the charge 
will be divided equally between them, so that the first will retain 
only half the charge which it had before contact. 

Suppose that an observation on repulsion has just been made with 
the torsion-balance, and that we touch the fixed ball with another 
exactly equal insulattd ball, which we then remove. It will Ife 
found that the amount of torsion requisite for keeping the movable 
ball in its observed position is just half what it was before. The 

* We have already seen that the mutual induction of two conductors tends to diminish 
their mutual repulsion, and that this inductive action becomes more important as the distance 
is diminished. Hence the repulsion at distance 9 should be less than a quarter of that at 
distance 18. The apparent error thus confirms the law. 

Many persons have adduced, as tending to overthrow Coulomb's law of inverse squares, 
experimental results which really confirm it. Except when the dimensions of the charged 
bodies are very small in comparison with the distance, the observed attraction or repulsion 
is the resultant of an infinite number of forces acting along lines drawn from the different 
points of the one body to the different points of the other. The law of inverse squares 
applies directly to these several components, and not to the resultant which they yield. The 
latter can only be computed by elaborate mathematical processes. 

It is incorrectly assumed in the text that the law ought to apply directly to two spheres, 
when by their distance we understand the distance lietween their nearest points. It is not 
obvious that the distance of the nearest points should give a better result than the distance 
between the centres. 

The strongest evidence for the rigorous exactness of the law of inverse scjuares is indirect ; 

Bee § 574. 
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lie result will be (ihtainpfl by toucliing the movable ball with a 
ball of its own size. We conclude that, it' the charge of either' body 
be altered, the attractive or I'epulaive force between the bodies at 
given distance will be altered in the same ratio. The law ts not 
rigorously true for bodies of finite size, unless the distribution of the 
electricity on the two bodies remains unchanged. When the two 
lies are very small in all their dimensions in comparison with 
wtite distance between them, their nnitiml force is represented by the 
I -expression 



Iq and */' denoting their charges, and D the dLstanee, If this ex- 
*tessinn has the positive sii,ni, tlic force i.« rejiiiliive, if negative 
jlttractive. 

571. Electricity resides on the Surface. — Electricity (subject to the 



.^., 




C^ 




BCceptions mentioned below) resides exclusively on the external 

i'Burface of a conductor. This is perhaps implied in the experimental 

I fcict frequently observed by Coulomb, that when a solid and a hollow 

ihere of equal external diamt'ter art! allowed to touch each other, 

iny charge possessed by either is divided equally between them. A 
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direct demoDstratioD is atTbnled hy the fullowini.' experiment of 
Bioti— 

We take an insulated splicre uf metal, chnr^'r it with electricity, 
md cover it with two hemispheres funii>he<l witli insulating bandies, 
wldch tit the sphere exactly (Fig. 341 ). If the two hemispheres be 
quickly removed, and presented to an electric pendulum, they will 
be fonnd to Ine electrified, while the sphere itself will show hardly 
asT tiwes of electricity. We must, however, remark that this 
experimfst is rarely succe^ful, and that treDerally the sphere remains 
veiy sensilply electritied. Tlie reason of this is, that it is very difficult 
to ronove tie hemispheres so steaiUly, as not to permit their edges 
to tonch the sphere after the first separation. 

The following is a much surer form of the experiment: — 

A hollow insulated sphere, with an oritiee in the top, is charged 

with electricity (Fig- 

/ 342i. A proof-plane, 

.^C^- oon>isting of a small 

f t^^^ ^N"^^-^ disc of gilt pajer insu- 

©^"^^^^fcf lated by a thin handle 

/ ^^W^^^ ^^ shellac, is then ap- 

KF ^^^(^ plied to the interior 

~^ surface of the sphere, 

and. when tested by 

an electric pendulum 

or an electroscope, is 

found to exhibit no 

trace of electridty. But 

if, on the contrary, the 

disc be applied to the 

external surface of the 

sphere, it will be found 

to be electrified, and 

capable of attracting 

li^ht bodies. Faraday 

varied this experiment, 

l-y substitutiniT a cylinder of wire-innuze ivx the sphere. This cylinder 

rested on an insulated di.-so of metal. TIu> disc was chained with 

electridty. and it was found that no nmv of the electricity oould be 

detected by applying the pi\*of-nlnno to the intt nor surface of the 

rrlindor. 
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The following experiment is also due to Faraday. A mcta! ring 
is fixed upon an insulating stand (Fig. 343). To this ring is attached 
a cone-shaped bag of fine linen, which is a conductor of electricity. 
A silk thread, atfcaclied to the apex of the cone, and extending both 




Fsraday't Experiment 



Vays, enables the opei'ator to turn the bag inside out as often as 
required, without discharging it. When the bag is electiified, the 
application of the proof-plane always shows that there m electricity 
on the outer, but not on the inner surface. When the bag is turned 
inside out, the electricity therefore passes from one surface o£ the 
linen to the other. 

572, Limitations of the Eule. — There are two exceptions to the 
ft rule that electricity is confined to the external surface of a conductor. 

1. It does not hold for electric currents. We shall see hereafter in 
Jonnectiun with galvanic electricity, that the resistance which a wire 

: given length oppases to the passage of electricity through it, 
spends not upon its circumference but upon its sectional area. A 
Ifiollow wire will not conduct electricity so well as a solid wire of the 
[ same external diameter. 

2. Electricity may be induced on the inner surface of a hollow 
conductor by the presence of an electrified body insulated from the 
conductor itself. If an insulated body charged with electricity be 
introduced into the interior of a hollow conductor, so as to be com- 
pletely 9un'oi.mded by it, but still insulated fi\Dm it, it induces upon 
the inner surface a quantity eqvial to its own charge, but of opposit-e 
eign- If the conductor is insulated, an equal quantity, but of the same 

the charge of the inclosed body, is repelled to the outside, and 



•Ml >iKA>ri:i:MLM <»h i:i.k«ti:i« ai. KoKrKs. 

Uu' i> iriit wljHtlj*.M- tli»- (Mii«iu(*t^ir \u\^ iiii inilr]H*ik(U*iit charge of its 
'jwi. «-f uui. Ill tlli^ casr. thi'ii. V* lin\» rl«Ttridty residing on both 
lu*: •rxuTual uikI tlji' liit-iTiiui surl'iK'f^ (if a liollow conductor, but it 
eliJ iv-'iuti.'^ oiilv on tlj'- suHao's. 

J* i. ♦.•i.»ijuuL*tJii;r budv iMniii»«ri-»*'l villi tlif v&nh Ik* introduced into 
lu- iiii»rv'iov of a hollow cliai ;;•♦•• 1 roihiiu'ior. si» a> u» Ik' ]iartiallT sur- 
I'juhu*^*.: 'i»y it. tilt' IkkIv tlm^ iiitr»Mliuv J will accjuire an opposite 
fi:^i'^r f.»y iuductiou. aiul. l»y tlit- n'rijuMcal action of this charge, 
hiT'ivi'i'zixy will Ije imluce«i <»ii tin- iuiitT at iht* fxj»ense of the outer 
t-^rii»^y. o* tiiH hollow c'onr.hu-t.ir, just a^ in tlit* jirt^c^ding case. 

ffti. loe-pail Experiment. — Tlu* t>t1'trt of intrinlucing a charged 
Li^jv V i\:ni. a hollow eoiic.lurtoi' is ^v«-ll illustratt'il 1»t the following 
-:-.'..i-r*'.-.:-;j;- of rtiuidav. Li't A (Fiir. .S44) rt»j present an insulated 

pewter ier-]iail. t-en and a half inches high 

and seven inches in diameter, connected 

hy a wirr witli a delicat-e gold-l€»f electro- 

beo]»e E. and let lM>e a round brass ball 

in.sulat'ed ]»v a dr\- thread of white silk, 

three or fL»in' ft^et in len^rth, so as to remove 

; the inriuenee of thr hand holding it from 

tlje ice-j»ail Kdow. Let A be perfectly 

dischar;:e«l, and let C\ after being charged 

at a distance, l>e introduced into A as in 

^ A the li^nire. If C ]»e positive, E also will 

^ diverge positively; if C be taken away, E 

will collapse perfectly, the apparatus being 

in go(xl order. As C enters the vessel A, 

^ X the diverixence of E will increase until C is 

"^^ a>x>ut three inches below the edge of the 

' vessel, and will remain quite steady and 

unchanged for any gi'eater depression. If 

/-/ '^y. -,.>«»« >..'j.^iijji«riit. C V>e made to touch the bottom of A, all 

its charge is communicated to A, and C, 
\}\/^i. \A-.i/^ witJjdjawn and examined, is found perfectly discharged. 
N'^w )cky.tii/ih^\ found that at the moment of contact of C with the 
hjWjiii *A A, uot tlje slightest change took place in the divergence 
of t)i<: '/tM Wh.\'i->^. Hence the charge previously developed by induc- 
tion on \\\i'. outride of A must have Vjeen precisely equal to that 
\u'x\\im'i\ \i\j \\m\ o;)jtact, that is, must have been equal to the 
ehajge of ^). 
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ESPEBIMEiNT WITH ICE-PAILS. 

He then eruployed four ice-pails (Fig. 345), arranged one within 
the other, the smallest innermost, insulated from each other by plates 
of shellac at the bottom, the outermost pail being connected with the 
electroscope. Wlien the charged carrier- 
ball C was introiluced within the innermost 
pail, and lowered until it touched the bot- 
tom, the electrometer gave precisely the 
same indications as when the outermost 
pail was employed alone. When the inner- 
most was hfted out by a silk thread after 
being touched by C, the gold-leaves col- 
lapsed perfectly. When it was introduced 
again, they opened out to the same extent 
as before. When 4 and 3 were connected 
by a wire let down between tliem by a silk 
thread, the leaves remainefl unchanged, anil 
they still remained when 3 and 2 were 
•nttected, and tinally when all four pails 
'ere connected. 
i574. Ho Force within a Conductor,^ 
hollow conductor is electritied, 
lowever strongly, no effect in produced fis. wa.— Kxiierimcutwiih I't.ur 
upon pith-balls, gold-leaves, or any other 
electroscopie apparatus in the inteiior, whetlier connected with the 
lollow conductor, or insulated from it, provided, in the latter case, 
.t they have no communication with bodies external to the hollow 
inductor. Faraday constructed a cubical box, measuring 12 feet 
;h way, covered externally with copper wire and tin-foil, and insu- 
kted from the earth. He charged this box very strongly by outside 
immunication with a powerful electrical machine; but a gold-leaf 
lectrometer within showed no effect. He says, " I went into the 
ibe and lived in it, using lighted canilles, electrometers, and all other 
its of electrical states. I could not tind the least influence upon 
lem, or indication of anything particular given by them, though all 
le time the outside of the cube was powerfully charged, and large 
■ks and brushes were darting off from every part of its outer 
iurface." 
The fact that electricity resides only on the external surface of a 
inductor, combined with the fact that there in no electrical force in 
le space inclosed by this surface, affords a rigoious proof of the law 
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of inverse squares. For if the conductor be a sphere removed from 
the influence of external bodies, its charge must be distributed 
uniformly over its surface. Now it admits of proof, and is well 
known to mathematicians, that a uniform spherical shell exerts no 
attraction at any point of the interior space, if the law of attraction 
be that of inverse squares, and that the internal attraction does not 
vanish for any other law. 

676. Electrical Density and Distribution. — When the proof-plane 
is applied to different parts of the surface of a conductor, the quan- 
tities of electricity which it carries off are not usually equal. But 
the electricity carried off by the proof -plane is simply the electricity 
which resided on the part of the surface covered by it, for the proof- 
plane during the time of its contact is virtually part of the surface 
of the conductor. We must therefore conclude that equal areas on 
different parts of the surface of a conductor have not equal amounts 
of electricity upon them. It is also found that if the charge of the 
conductor be varied, the electricity resident upon any specified 
portion of the surface is changed in the same ratio. The ratio of the 
quantities of electricity on two specified portions of the surface is in 
fact independent of the charge, and depends only on the form of the 
conductor. This is expressed b/ saying that distribution is inde- 
pendent of charge, and that the distribution of electricity on the 
surface of a conductor depends on its form. 

By the average electrical density on the whole or any specified 
portion of the surface of a conductor, is meant the quantity of elec- 
tricity upon it, divided by its area. By the electrical density at a 
specified point on the surface of a conductor, is meant the average 
electrical density on an exceedingly small area surrounding it, in 
other words, the quantity of electricity per unit area at the point. 
The name is appropriate, from the analogy of ordinary material 
density, which is mass per unit volume, and is not intended to imply 
any hypothesis as to the nature of electricity. The name was intro- 
duced by Coulomb, who first investigated the subject in question, 
and is generally employed by the best electricians in this country. 
The term thickness of electrical stratum, which was introduced by 
Poisson, is much used in France, but is more open to objection from 
the coarse assumptions which it seems to involve. 

The following are some of Coulomb's results. The dotted line in 
each of the figures is intended to represent, by its distance from the 
outline of the conductor, the electric density at each point of the 



[ latter. In all caaya it is to be umiurstood that tlie conductor is so 
fciar removed from external bodies as not to be influenced by them: — 
1. Sphere (Fig. 346). The electric density is the same for all 
§ points on the siui'ace of a spherical conductor, 

. Ellipsoid (Fig. 347). The density ia greatest at the ends of the 



• 



ihuUon rjii Ellipsoid. 



Itongoiit, and least at the ends of the shortest axis; and the densities 
■At these points are simply proportional to the axes themselves.^ 

3. Flut Disc. (Fig. 348). The density is almost inappreciable over 
^.the whole of both faces, except close to the edges, where it increases 
almost p«v saltum. 

. Cylinder with HemispherlMl E-nda (Fig. 349). The density is 



t> 



m Cyllniiec with ronniieil endi 



Ra minimum, and nearly uniform, at pai-ts remote from the ends, and 
Attains a maximum at the ends. The ratio of the density at the ends 
D that at the sides inci'eases as the I'adius of the cylinder diminishes, 
Jthe length of the cylinder remaining the same. 

. Spheres in Cvvtoii. — In the ca-se of equal spheres, the charge, 
Iwhich i.s nothing at the point of contact, and very feeble up to 30° 
Pfrom that point, increases very rapidly frum 30° to 60°, less rapidly 
Kfrom 60° to 90", and almost insensibly from 90" to 180". When tlie 
Mpheres are of unequal size, the charge at any point on the smaller 

' More generally, the denaity at any point on the aurfaoe of an ellipaoid is proportional 
to the length of a perpendicular from the centre of the eUipeoid on a, tangent plane at the 

If an ellipsoid, similar and nearly sjnn! to the given one, bs placed so that the oorre- 
■ponding lues of the two are ooineident, we «haU have a thin ellipsoidal shell, whose thick- 
lufls at any point exactly rtipreaenta the electric density at that point. 

Such a shell, if cumposeil of homogeneona matter attracting inversely as the square of 
I llie difltance, would eiereise no force at points in its interior. 
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sphere is greater than at the corresponding point on the larger one; 
and as the smaller sphere is continually diminished, the other 
remaining the same, the ratio of the densities at the extremities of 
the line of centres tends to become 2:1. 

676. Method of Experiment. — The preceding results were obtained 
by Coulomb in the following manner. He touched the electrified 
body at a known point with the proof -plane, and then put the plane 
in the place of the fixed ball of the torsion-balance, the movable 
ball having previously been charged with electricity of the same 
sign. Repulsion was thus produced, and the amount of torsion 
necessary to keep the balls at a certain distance asunder was observed. 
He then repeated the experiment with electricity taken from a dif- 
ferent point of the body under examination, and the ratio of the 
densities at the two points was given by the ratio of the torsions 
necessary to keep the balls at the same distance. 

By way of checking the accuracy of this mode of experimentation^ 
Coulomb electrified an insulated sphere, and measured the electric 
density on its surface by the method described above. He then 
touched the sphere with another precisely equal sphere, and on again 
applying the proof -plane he found that the charge carried ofi* by the 
plane was just half what it had been before. 

677. Alternate Contact. — The above experiments naturally require 
some time, during which the body under investigation is gradually 
losing its charge. The consequence is, that the densities indicated 
by the balance, if taken singly, do not correctly represent the 
electric distribution. This source of error was avoided by Coulomb 
in the following manner. He touched two points on the body suc- 
cessively, and determined the electric density at each; and then, after 
an interval equal to that between the two experiments, he touched 
the first point again, and obtained a second measure of its density, 
which was less than the first, on account of the dissipation of elec- 
tricity. If the densities thus observed be denoted by A and A', and 

the density observed at the second point by B, it is evident that ^ is 
greater, and ^ less than the ratio jequired. Coulomb adopted, as 

A -I- A' 

the correct value, their arithmetic mean | ^ — . 

678. Power of Points. — The distribution of electricity on a con- 
ductor of any form may be roughly described, by saying that the 
density is greatest on those parts of the surface which project most. 



DISSIPATlbM OF CHARQK 

lor which have the siiarpest convexity, and that in depressions or 
conca\'ities it is small or altogether insensible. Theory shows that 
at a perfectly sharp edge, such, for example, as is formed by two 
planes meeting at any angle however obtuae, but not rov/nded off 
the density must be infinite, and a/miiori it must be infinite at a 
perfectly sharp point, for example at the apes of a cone, however 
obtuse, if not roimded of. Practically, the points and edges of 

[ bodies are always rounded off; the micro.scope shows tliem merely as 
Jiplacea of very sharp convexity (that is, of very small radius of eurva- 

■ ture), and hence the electric density at those places is really finite; 
illt it is exceedingly great in comparison with the density at other 
ijarta, and this is especially true of very acute points, such aa the 

■point of a fine needle. The consequence is, that if a pointed con- 
ductor is insulated and cliarged, the concentration of a large 
jiamount of repulsive force within an exceedingly small ai'ea pro- 
Kduccs very rapid escape of electricity at the points. Conductors 

■ intended to retain a charge of electricity must have no points or 

■ edges, and must be very smooth. If of considerable length in 

■ proportion tu their bi'eadth, they ai'e usually made to terminate in 
tlarge knobs. 

579. Dissipation of Charge. — When an insulated conductor is 
Icharged and left to itielf, its charge is gradually dissipated, and at 
l]ength completely disappears. This loss takes place partly through 
■ithe auppoits, and partly through the air. 

As regards the supports, the loss occurs chiefly at their surface, 

especially if (as is usually the case) they are not perfectly dry. It is 

diminished by diminishing their perimeter, and by increasing their 

length; for example, a long fibre of glass or raw silk is an excellent 

isulator. 

As regards the air. we must distiiiguijili bL'tWL';:ii conduction and 

wnveetion. Very hot air and highly rarefied air probably act as 

jonductors; but air in the ordinary condition acts chiefly by con- 

Ktact and convection. Successive layers of air become electrified 

jby contact with the conductor, and are then repelled, canying 

hflff the electricity which they have acquired. It is hy an action 

f this kind tliat electricity escapes into the air from points, as is 

B|iroved by the wind which passes off from them (§ 598). Particles 

ni)f dust present in the aii', in like maunei', act as caniers. being 

[nttracteil to the conductor, charged by contact with it, and then 

spelled. They also frcqiK-utly adhere by one end to the conductor. 
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and thus constitute pointed projections through which electricity is 
discharged into the air. 

Coulomb deduced from his obser\'ations on dissipation of charge a 
law precisely analogous to Newton's law of cooling, namely, that 
when all other circumstances remain the same, Uije rate of lo88 is 
fdrrqily proportional to the charge, so that the charges at equal 
intervals of time form a decreasing geometric series. Subsequent 
experience has confirmed this law, as approximately true for moderate 
charges of the same sign. Negative charges are, however, dissipated 
more rapidly than positive. 



CHAPTER XLIV. 



KLECTliK-AL MACHINES. 



580. Electrical MachinaB, — The first electrical machine waa invented 

I by Otto Guericke, to whom, a^ we have already seen (§ 229), science 

Ijs indebted for the invention of the air-pump. It consisted of a ball 

I of sulphur which was turned upon its axis by one person, while 

Banother held his hands upon the ball, thus causing the friction 

loecessary for the production of electricity. The result was that 

Pthe globe was negatively electrified, and the positive electricity 

escaped into the earth through the hands of the operator. This 

machine, however, was capable of producing only very feeble effects, 

and the spariis obtained from it were visible only in the dark. An 

English philosopher, Hawksbee, substituted a globe of glass for the 

globe of sulphur; the electricity thua obtained was positive, and the 

sparks obtained by the new machine were of considerable bright- 

as. The machine, however, waa for the time supers, i' :d by the 

B of glass tubes, which continued to be the favourite instruments 

I'lor generating electricity until the middle of the eighteenth centuiy, 

iifhen a German philosopher, Boze, professor of physics at Wittem- 

Iberg, revived and perfected Hawksbee's machine, which became 

I universally adopted. 

Fig. 350, which is taken from the Leqowt de Physique of the Abb^ 

BUolIet, published in 1767, shows the aiTangement of the machine 

I adopted by this celebrated philosopher. It consists of a large wheel, 

round which is passed an endless cprd, which, passing also round a 

pulley, serves to turn a glass globe when the wheel is set in motion. 

The electricity thus produced is collected on a conductor suspended 

1 the ceiling by silk cords. 

It will be observed that, in the figure, the friction is produced by 

ite hand. This mode of applying friction, which is evidently rude 
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find defective, was novertlieless long used for want of a better, though 
many attempts were made to replace it by the use of rubbera of 
leath^, stuffed with hair, and pressed against the glolie by means of 
regulating Hcre\vs. The shape of the globe rendered the use of these 
very tlifficult, and it was not until a cylinder was substituted for the 
globe that thoy were generally adopteil. 

581. Ramsden's Machine. — Tlie kind of machine most commonly 
jfiniployed at present is the plate-machine, invented by Ramsden about 
rl7(!S, and only slightly changed and imjiroved since. 

The most n^ual form of this machine is sliown in Fig. 351. It 
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i a circular plate ot glass, which tumH on an axis supported by 
fwo wooden upnght't. On each side nf the plate, at the upper and 
? parts ot the uprights, are two cushions, which act as rubbers 
jrhen the plate is turned. In front of the plate are two metallic 
iOnductors suppoi-ted on glass legs, and terminating in branches 
fchich are bent round the plate at tho middle of its height, and are 
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gtodded with points projecting towards it The plate becomes 
charged with positive electricity by friction against the cushions^ 
and gives off its electricity through the points to the two conductors, 
or, what amounts to the same thing, the conductors give off negative 
electricity through the points to the positively-electrified plate. In 
order to avoid loss of electricity from that portion of the plate which 
is passing from the cushions to the points, sector-shaped pieces of 
oiled silk are placed so as to cover it on both sides. The cushions 
become negatively electrified by the friction; and the machine will 
not continue working unless this negative electricity is allowed to 
escapa The cushions are accordingly connected with the earth by 
means of metal plates let into their suppoi*ts. 

582. Limit of Charge. — As the conductors become more highly 
charged, they lose electric ty to the air more rapidly, and a time soon 
arrives when they lose electricity as fast as they receive it from the 
plata After this, if the machine continues to be worked uniformly, 
their charge remains nearly constant This limiting amount of 
charge depends very much upon the condition of the air; and in 
damp weather the machine often refuses to work unless special means 
are employed to keep it dry. 

The rubbers are covered with a metallic preparation, of which 
several different kinds are employed. Sometimes it is the compound 
called aurum musicum (bisulphide of tin), but more frequently an 
amalgauL Kienmeier's amalgam consists of one part of zinc, one of 

tin, and two of mercury. The amalgam 
is mixed with grease to make it adhere 
to the leather or silk which forms the 
face of the cushion. 

Before using the machine, the glass 
legs which support the conductors 
should be wiped with a warm dry 
cloth. The plate must also be cleaned 
Fig 852 -Quadrant Electroscope f rom any dust or portions of amalgam 

which may adhere to it, and lastly, 
dried with a hot cloth or paper. When these precautions are taken 
the machine, if standing near a iire, will always work; but the 
charging of Ley den jars, and especially of lotteries, may be rendered 
impossible by bad weather. 

The variations of charge are indicated by the quadrant electroscope 
(Fig. 852), which is attached to one of the conductors. It consists 
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|.of an upright conducting stem, supporting a quadrant, or more com- 
monly a semicircle, of ivory, at whose centre a light needle of ivory 

^U jointed, carrying a pith-ball at its end. When there is no charge 
1 the conductor, this pendulum hangs vertically, and sa the charge 
increases it is repelled fui-ther and further from the stem. In damp 
weather it will be observed to return to the vertical position almost 
immediately on ceasing to turn the machine, while in very favour- 
able eircumatancea its gives a sensible indication of charge after two 
or three minutes. 

1583, Naime'B Machine. — Kamsden's machine furnishes only positive 
electricity. In order to obtain negative electricity, it is necassary to 




isulate the cuHhions from the ground, and to place them in com- 
Jmunication ^^'ith an insulated conductor. An aiTangement of thia 
■lind is adopted in Naime's machine. 

In this machine a large cylinder of glass revolves between two 
JlBeparately insulated conductors. One of these has a row of points 
projecting towards the glass, and collects positive electricity. The 
fother is connected with the mbber, and collects negative. If one 
■ kind of electricity only is required, the conductor which furnishes 
|the other must be connected with the ground. 

084. Winter's Machine, — Winter, of Vienna, hay introduced some 
I modifications in Ramwien's uiachine. 
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Instead of four cushions, there are, as will he seen by the figure 
(Fig. 354), only two, which are in coinuiuoication with a spherical 
conductor, aupp*jrted on a glass pillar. This may be used to collect 
negative electricity, in the saoie way as the negative conductor in 
Naime's machine. The chief or positive conductor consists of an 
insulated sphere, on the top of which is often another sphere of 
smaller size. The positive electricity is collected from the plate by 
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means of twu rings opposite to each other, one on each side of the 
plate. On the side next the plate, they have a groove, which is lined 
with metal, and studded with points. They are supported by an ami 
which is inserted in the positive conductor. The size of the positive 
conductor is often increased by the addition of a vL-ry large ring 
(3 or 4 feet in diameter) which is supported on the top of the large 
sphere. The ring consists of very stout brass wire inclosed in well- 
polished mahogany. 

Winter's machine appears to give longer sparks than the ordinary 
machine under the same circumstances. This circumstance is owing, 
partly at least, to the considerable distance between the rubber and 
the positive conductor, which prevents the occun-ence of disc 
between them. 
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685. Hydro-electric Machine. — About the year ISW, Mr. (dow Sir) 
W. Armstrong invented an electric machine, in which electricity waa 
S^enerated by the friction of steam against the aides of orific&9, through 
which it 18 allowed to escape under high pressure. It consists of a 




boiler with the fire inside, supported on four glass legs. The steam, 
before escaping, passes through a number of tubes which traverse a 
cooling-box containing water, into which dip meslies of cotton, which 
are led over the tubes, and passed round them. The cooling thus 
produced in the tubes, causes partial condensation of the steam. This 
B been found to be an iudi.speusable condition, the friction of per- 
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fectly dry steam being quite inoperative. Speaking strictly, it is the 
friction of the drops of water against the sides of the orifice, which 
generates the electricity, and the steam merely furnishes the meajis 
of applying the friction. The jet of steam is positively, and the 
boiler negatively electrified. The positive electricity is collected by 
directing the jet of steam upon a metal comb communicating with 
an insulated conductor. 

The form of the outlet by which the steam escapes is shown in 
Fig. 356. The steam is checked in its course by a tongue of metal, 
round which it has to pass, before it can enter the wooden tube 
through which it escapes into the air. This machine, in order to 
work well, requires a pressure of several atmospheres. The water in 
the boiler should be distilled water. If a saline solution be intro- 
duced into the tube through which the steam 
escapes, all traces of electricity immediately 
disappear. The generation of electricity 
varies, both in sign and degree, according to 
the substance of which the escape-tube is 
Fig. 866.-outiet of Steam. composcd, and accordiug to the liquid whose 

particles are carried out by the steam. Thus, 
when a small quantity of oil of turpentine is introduced into the jet 
of steam, the boiler becomes positively, and the steam negatively 
electrified. 

The hydro-electric machine is exceedingly powerful. At the 
Polytechnic Institution in London, there was one with a boiler 
78 inches long and 42 in diameter, and with 46 jets. Sparks were 
obtained from the conductor at the distance of 22 inches. The 
machine is, however, very inconvenient to manage. A long time is 
required to get up the requisite pressure of steam. The boiler must 
be carefully washed with a solution of potash, after each occasion of 
its use; and, finally, the working of the machine is necessarily accom- 
panied by the disengagement of an enormous quantity of steam, 
which, besides causing a deafening noise, has the mischievous effect 
of covering with moisture everything within reach. Accordingly, 
though very interesting in itself, it is by no means adapted to the 
general purposes of an electrical machine. 

686. Holtz's Machine. — In the machines just described, electricity 
is produced by the friction of one substance against another. Quite 
recently, several machines have been invented of quite a different 
kind, in which a body is electrified once for all, and made to act by 
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induction upon a movable system, in such a way as to produce a 
continual generation of electricity. The most successful of these is 
that invented by Holtz of Berlin in 1865. 

It contains two thin circular plates of glass, one of which, A, ia 
fixed, while the other, B, which is rather smaller, can be made to 
revolve very near it. In the fixed plate there are two lai^e openings 
called ivindows near the extremities of its horizontal diameter. 




Adjacent to these are glued two paper bands or ofrnmtures ff, each 
having a sharp tongue of card projecting through the window, and 
pointing the opposite way to that in which the revolving plate turns. 
Two rows of brass points, P, F are placed opposite the armatures, on 
the other side of the revolving plate, and are connected with two 
insulated conductors terminating in the knobs n, m, which may be 
called the poles or electrodes of the machine. These knobs can be 
set at any distance asunder. In starting the machine, they are 
placed in contact, and one of the armatures, suppose /, is electrified 
r holding against it an excited sheet of vulcanite, or by leading to 
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it a wire from the conductor of a frictional machine. A peculiar 
sizzling sound is almost immediately heard, and the knobs may then 
be separated to a gradually increasing distance, brilliant discharge all 
the time taking place between them. In the circumstances sup- 
posed, the knob n is the negative, and the knob m the posi- 
tive electrode. The best machines are made double, having two 
revolving plates, with two fixed plates between them. The Holtz 
machine, when well made, far surpasses the frictional machine in 
power. 

Its action is as follows: — The negative electricity of the arma- 
ture /, acting inductively on the opposed conductor, from which it 
is separated by the revolving plate, causes this conductor to discharge 
positive electricity, through its points, upon the face of the plate, and 
thus to acquire a negative charge; when the part of the plate which 
has been thus affected comes opposite the tongue of the other arma- 
ture, the latter is affected inductively, and discharges negative elec- 
tricity upon the back of the plate, thus becoming itself positively 
electrified. Positive electricity from the front of the plate is imme- 
diately afterwards given off to the points P', an equal quantity of 
negative being of course discharged, from the conductor to which 
they belong, upon the face of the plate. In the subsequent stages 
of the process, the negative electricity thus discharged upon the face 
of the plate exceeds the positive which was previously there, so that 
the face of the plate passes on with a negative charge. When the por- 
tion of the plate which we are considering again comes opposite /, it 
increases the negative electrification both of the armature and the 
conductor, inasmuch as it has more of negative or less of positive elec- 
tricity upon both its surfaces than it had when it last moved away 
from that position. Both armatures thus become more and more 
strongly electrified, until a limit is attained which depends on the 
goodness of the insulation; and as the electrification of the armatures 
increases, the conductors also become more powerfully affected, and 
are able to discharge to each other by the knobs m 71 at a continually 
increasing distance. 

687. ElectrophoruB. — When electricity is required in comparatively 
small quantities, it is readily supplied by the simple apparatus called 
the electrophorus. This consists (Fig. 358) of a disc of resin, or some 
other material easily excited by friction, and of a polished metal disc 
B with an insulating handle C D. The resin disc is electrified by 
striking or rubbin2 it with catskin or flannel, and the metal plato is 
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then laid upon it. In these circumstancea the upper plate does not 
receive a direct charge from the lower, but. if touched with tlio 
finger (to connect it with the earth), 
receives an opposite charge by induction. 
On lifting it away by its insulating 
handle, it is found to he charged, ftijd 
wilt give a spark. It may then, be re- 
placed on the lower plate (touching it 
at the same time with the finger), and 
the process repeated an indefinite num- 
ber of times, without any fresh excita- 
tion, if the weather is favourable. 

Tlie resinous plate has usually a base fis- 3.'*-Kiei:troi.hoiiii. 

or sole of metal, which is in connection 

ith the eaiih while the electrophorua is being worked. When 

e cover receives its positive charge on being connected with the 
earth, the sole at the same time receives from the earth a negative 
charge, and as the cover is gradually lifted this negative charge 
gradually returns to the earth. 

The uiost convenient form of the electrophorua is that of Professor 
Fhillips, in which the cover, when placed upon the resinous plate, 
comes into metallic connection with the metal plate below. That 
this arrangement ia allowable is evident, when we reflect that, 
when the upper plate is touched with the finger, it is in fact 
connected with the lower plate, since 
both are connected with the earth ; and 
it effects a great saving of time when 
many sparks are required in quick suc- 
cession, for the cover may he raised 
and lowered as fast as we please, coming 
alternately into contact with the resin- 
ous plate and the body which we wish 
to charge. 

588. Bertsch's Electrical Machine. — ng. aw.— BioctrifledSMWr. 

A machine which has been called a 

rotatiiry i-lectrophonis has recently been invented by Bertsch, and 
is represented in Fig. 360. A circular plate of ebonite D can be 

ide to revolve rapidly. A sector of the tuame material (Fig, 3,59), 
previously exciteil l^y friction, is fixed oppo^iite the lower portion 
of the plate; and on the other side, immt^diately oppasite to this, is 
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a metallic comb N forming the extremity of a ctiiidiictor connected 1 
with the earth. At the upper part is another comb M coanected 
with the conductor A. Under the influence of the electrified s 
the conductor C Jiaehargea positive electricity on the plate through 
the comb N. In passing the couiIj M, a portion of this electricity is 




Pig. 3I».— BertBch 



collected Vij' the points, and charges the conductor A. The effect i 
increased by connecting A with another conductor E of very large I 
dimensions. I 

This machine differs from that of Holtz in furnishing no means for 
increasing, or even sustaining, the charge of the armature. In this 
I'&speet it resembles the ordinary electrophorus. 
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589. BleDtric Spark. — Tlie apark furnislied by an electrical macliiiie 
I of Binall dimensions is short, and iisually straight. Powerful machines 
IsometimeiH give sparks of the length of a foot, fiuch spai'ks have 
■ usually a zig-zag form, like flashes of lightning. One of the readieat 
fciiieans of obtaining long sparks consists in placing, opposite to one 
I of the small knobs of the conductor of the machine, a large cou- 
jductor, having good earth connection, and presenting a polished ! 

ind slightly convex surface towards the knob. A more poweiful 
beffect will be obtained by connecting this conductor with the lublier 
JDr the negative conductor of the machine, instead of with the earth. 
Very frequently, when the spark is a foot or more in length, finer 
ramilications proceed from its main track, as shown in Fig. 301, 

590. Bruali. — When a powerful machine is working in a very dry 
atmosphere, the rubbers lieing in good order, and the machine being 

Ltumei 1 rapidly, a characteristic sound is heaitl, which is an indication 
[of continuous discharge into the air. In the dark, luiimious appear- 
inces called hntuhfiK are seen on the projecting parts of the con- 
ductor's. They may be rendered very conspicuous by presenting a 
large conducting surface at a distance a little too great for a spark 
3 pass. It will then be observed that the brush consists of a short 
htoot-stalk, with a multitude of rays diverging from it like a fan, and 
Kwith other smaller ramifications proceeding from these. Positive 
njplectricity gives larger and finer brushes than negative. We may 
dd, that, when the machine is working well, brilliant sparks con- 
inually leap across the plate, consisting of discharges between the 
cushions and the nearest part of the conductor. The conductor 
itself is also surrounded with Inminowity. In the ilark, the brilliant 
spectacle presented by these combined appearances, with the con- 
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tinunl crackling wtuoh I 
accompaniu» them, i> 
veiyiinprcaHive, aiiJ fur- 
tiiblii^ii an inexhaustiljlL- 
subject of curiosity to j 
tlie etectriciaiu of laKt | 
century. 

It is {ji'uIhiMg tliai 
tht passage of a Hpark i» I 
.always pi-cceilcd by 
vfi-y liigli (Icyive of polar I 
teiLsion in alt the par- I 
tides of air in anil alioiit | 
itM tmck. an<l that the 
spark occiiTH when this 
teasion anywhere ex- 
ccvih what the particle»< 
are able to l>ear. Tlie ' 
frequent crooketlness of 
the spark is perhaps dut^ 
to the presence of con- 
ilucting [MirtJclesof dust, 
whicli Hurvv aa step- ' 
ping Mtones, and render 
a crooked course the 

591. Duration of the 
Spark. — We can form 
no JTnlginent of the 
duration of tlie electric 
Kpark from what we see 
with the unaided eye; for 
injpressiontt made upon 
the retina remain un- 
ett aced for something 
like ,1) of a second, and 
the duratitjn of the spark 
h ineoiiiparably less than 
thi.'^. Wheatstone, ia a 
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cl&iisical experiiuent, succeeded in measuring its duration by nteana 
of a revolving mirror; an expedient which has since been employed 
with great advantage in many other researches, eapecially in deter- 
mining the velocity of light. 

Let m-ft (Fig. 3G2) he a mirror revolving with great velocity 
about an axis passing through c, ami suppose that, during the i-ota- 
tion, an electric spark is produced at a. An eye stationed at <t 
^vil] see an image in the sym- 
metrical position a'. If the spark I 
is strictly instantaneous, its im- 
age will be seen as a luminous 
point at a', notwithstanding the 
rotation of the mirror; but if it 
lias a finite duration, the imagt) 
will move from a' to a", while the 
mirror moves from ee'to tt'.i\w \ 
latter being its position when tlie 
spark ceases. What is actually 
sewn in the mii or will therefore 
not be a point, bu^ a lunkinous 
track a' a". 

The length of this image will 
be double of the arc et; for tlio j 
angle e c ( at the centre is equal to 
the angle a' a a" at the circum- 
ference, the sides of the one being pcTpendicuIar to those of the other. 
In Wlieatstone's experiment, the minor maile .SOO turns in a second, 
j and the image a' a" was an arc of 24"; the mirror therefore turned 
I through 12°, or - of a revolution, while the spark lasted- The dura- 
rtion of the spark was therefore j^ of jp-Q, that is, ^^j^^ of a secon<l. 

By examining the brush In the same way, Wbeatstono found it to 
fconsist of a succession of sparks. 

32. Spark in Rarefied Oaaea. — The appeaiance of the spark is 
greatly modified by rarefying the air in which it is taken, To show 
this, an apparatus is employed which is called the electi-ii- '■,'/;/(Fig. 30^). 
It is an oval glass vessel, which can be exhausted by means of a Htop- 
cock at its lower end. Its upper end is closed by a cap, in which 
I slides a brass roil terminated by a knob, which can be ailjusted to any 
diatance from another knob connectt;d with a cap at the- lower end. 
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Wlien the egg contains air at atmospheric pressure, a spark passes 
in the ordinary way between the two knoba; but, as the pressure is 
diminished, the aspect of the spark changes, At a pressure of six 
centimetres of mercury (f^ of an atmosphere), a soH of ramified sheaf 
proceeds from the positive knob, some of the rays terminating at a 
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small distance from their origin, while others extt-nd to tlie negative 
knob. The latter is surrounded with a violet glow; the rays are 
also violet, but with a reddish tinge. The light at the positive knob 
is of a reddish purple. 

As the pressure k gradually reduced to a few millimetres, the rays 
become less distinct, and finally coalesce into an oval cloud of p^e 
violet light, extending from one knob to the other, with a reddish 
tint at the positive and a deep violet at the negative end. 

In performing this experiment with the ordinary electrical machine, 
the upper knob is connected with the conductor, and the lower o 
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with the ground. Holtz's iniidime caii iw very Atlvniitn^ously 
employed in experiments of this kind, its two [Kill's Wing connected 
with the two knobs. 

When, instead of the electric ejj^, we employ a long tulie, such w 
is employed for showing the fall of bodies in mciw, tlio whole length 
of the tube is filled with violet light, which esliibits contiiiiiJil rtieker- 
ing. and suggests the idea of undulations travelling in the same 
direction as the positive electricity. In all these exp<?riiiioiits, as we 
diminish the density of the air, we diminish tho rosistanee to dis- 
charge, and at the same timt' diminish the intrinsic hvightness of tlie 
spark. 

Ifl the ToiTicellian vacuum, electric discharge is awonipanted liy n 
perceptible though very feeble luniiiiosity, as iriay be shown by im 
arrangement due to Cavendish, and 

.represented in Fig, 305. Two 

^barometric tubes, united at the top, 

|are plunged in two cups of mur- 

jeury. The mercury in one cup is 

mnected with the conductor of tlio 

lacliine, while that in the other is 

tnnectcd with tho earth. In these 

circumstances, the vacuum-space is 

filled witli luminosity, which is 

brighter as the temperature is 

higher, probably on account of the 

iter density of the mercurial 

'vapour which serves as the medium 

of discharge. 

The experiments of Gassiot and 
others have shown that electricity 
traverses a space occupied by a 
ga.s with continually increasing 
facility as the density of the ga« 
is diminished, until a certain limit 
is attained; but that when special means are employed to render the 
vacuum as nearly perfect as possible, this limit can bo exceeded, and 
the resistance may increase so much as to prevent dischargi;. 

This latter point is illustrated by the apparatus repnjwi'Utfd in Kig, 

■366. which is constructed by Alvergniat. T is a tubf which htM been 
exhausted as completely as possible hy a (JeisskT's pump, It lias 




then been heated, and maintained for some time near the tempera- 
ture of fusion of glass, in order to produce absorption of the remain- 
ing air. Two platinum wires have been previously sealed in the ends 
of the tube, and approach within :; of a uiillimetre of each other. 
The two poles of a Holtz's machine are connected with the binding- 
screws B and B', which 
are in communication 
with these two wires, 
and also with two rods 
who.se extremities pp' 
arc at a moderate strik- 
iiiy distance from each 
other in air. Aa long 
as the machine works, 
sparks pass between 
these latter, while, in 
spite of the very much 
closer proximity of the 
platinum wires, no lu- 
minosity ia perceptible 
between them. Instead 
of being placed a small 
distance apart in air, p 
;nid p may tie fitted 
into the ends of a tube 
Kis aoo. Non-cDnduciivity o( vtTien vmiiirrn of Considerable length 

containing rarefied air. 
It will be found that discharge can take place at gi-eater distance ae 
the air ia more rarefied, till we attain a limit far beyond the reach 
of ordinary air-pumps. 

S93. Colour of the Spark. — The colour of the spark or other lumin- 
ous discharge depends partly on the material of the conductoTB 
lii-tween which it passes, and partly on the gaseous medium which 
it traverses. The former influence predominates when the spark is 
strong, the latter when it is weak. The effect of the metal seems to 
depend upon the vaporization of a portion of it, for, on examining the 
spark by the spectroscope, bright lines are seen which are known to 
indicate the presence of nietallie vapour. For studying the effect of 
the gaseous medium, the dbscharge is taken between two platinum 
wires sealed iuto the un<ls of glafaS tubes, containing the gases in a 
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rarefied condition {Fig. 31)7). The wires are connected either with 
the poles of a Holtz's machine, or of a Kuhmkorli-s coil, which we 
shall describe in Chap. lix. It ia found that the colour in air or 
oxygen is white with a tinge of blue, in nitrogen blue, in hydrogen 
red, and in carbonic acid green. 

594. Ualtiplication of the Electric Spark. — The old electricians 
contri\'ed s'everal pieces of apparatus for multiplying the electric 
rspark. The principle of all is the same. 
Bmall squares of tin-foil are arranged in 
jeri&s at a small distance from each other 
Eon an insulating surface. The first of the 
Bries is connected with a metallic knob 
Irith can be brought near the electrical 
ichine; and the last of theu is connected 
rith another knob which is in communi- 
iation with the earth. By allowing a dis- 
large to pass through the series, sparks can 
B simultaneously obtained at all the inter- 
Ells between the successive squares. 
In the upangled tube (Fig. 3(iS) the 
^uaros of tin-foil are an'anged spirally 
along a cylindrical glass tube which has a 
i cap at each end. One cap is put in 
sommunication with the machine, and the 
tlier witli the earlh. 
Sometimes a glass globe is substituted 
r the cylinder. We have thus the spanyled 
^lobe (Fig. 3G9). 

In the apwi-Uing pane a long strip of 
i-foil is disposed in one continuous crooked 
Tine (consisting of parallel strips connected vig. s, 
at alternate ends) from a knob at the trjp "■'^'!"' s,JX^-^- 
bo another knob at the bottom of the pane. 

L pattern is then traced by scratching away the tin-foil in numerous 
blaces with a point, and when the spark paase-s, it is seen at all 
ihese places, so as to render the pattern luminous (Fig. 370). 
696. Physiological Effects of the Spaik: Electric Bhock. — When a 
lark is drawn by presenting the hand to the conductor of 
h very largt.' and powerful machine, a peculiar sensation U experi- 
snced. With ordinary machinu.-s the ^ame effect can be obtained by 
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pL-ryon standa on a stool with glaas legs, and keeps liis Iiand upon | 
the conductor. He thua becomes highly charged with electricity. 
His hair stands on end, and is luminous if seen in the dark. It a I 
conductor connected with the eai'th is presented to him, a spark 
paaaea, and his liair falls again. 

Electricity has frequently been resorted to for medical purposes. | 
The electrical macliine was first employed, and afterwards the Leyden I 
jar, but both have now been abandoned in favour of magneto-electric 
machinea and other apparatus for obtaining induced currents, 
which we shall describe in a later chapter (Chap. lix.). 
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696. Mechauical and Physical Properties of the Spark.— The electric 
spark producuH a violent com motion in thi; medium in which it 
occurs. This is easily shown by meann ol' Kinnersley's thennometer 
(Fig, 371), which consists of two glaj^ tubes of unequal diameters, 
the smaller being open at the top, while the larger is completely 
closed, with the exception of a side passage, by which it communi- 
cates with the smaller. The caps which close the ends of the large 
tube are traversed by rods terminating in knobs, and the upper one 
can be raised and lowered to vary the distance between the knobs. 
Both tubes are filled, to a height a little below the lower knob, with 
a very mobile liquid such as alcohoL When the spark passes between 
the knobs, the liquid ia projected with great violence, and may rise 
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a height of several yards if the spark is very sU'oiiy. The same 
roperty of the spark is exhibited in the experiment of the electric 
lortar, which is sufficiently explained by the figure (Fig. 372). 
The spark may be obtained in the interior of a non-conducting 
liquid, which it agitates in a similar manner. If the liquid is con- 
tained in a closed vessel, this is often broken. The spaik can also 
traverse thin non-conducting plates, producing in this case perfora- 
tion of the plati.'s; but the expeiiment usually requires very power- 
discharges, such as can only be obtained by means of apparatus 
hich will be described in Chapter xlvii. 

The luminosity of the electric spark is probably due to the very 
;h temj)crature which is proiluced in the particles traversed by the 
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"1 

anding on a ^H 
ictor of the ^H 
hand to the ' 



discharge. Coal-gas is ea^iily inflaiiHid, by a pei-aon standing < 
stool with glass legs holding one hand on the conductor t 
machine, and giving sparks from a finger of the other hand to the 
burner from which the gas is issuing. Kinnersloy regarded elevation 
of temperature as the cause of the movement of the liquid in his 
apparatu.s; hence the name which it bears. 

Heating may also occur in the case of conductors. This is shown I 
by the influence of the metal upon the colour of the spark, and it may 
be more directly proved by arranging a conductor in communication 




Fig. 37&~Volta'> PiatoL 

with the earth, and connected by an exceedingly tine metallic wire 
with another conductor. When the latter is presented to a very 
powerful electrical machine, so that a strong spark passes, the fine 
wire is sometimes heated to redness. 

597. Chemical Properties of the Bpark, — The electric spark is able 
to produce very important chemical eflects, When it occurs in an 
explosive mixture of two parts of hydrogen with one of oxygen, it 
causes these gases instantly to combine. This experiment is usually 
shown by means of Volta's pistol (Fig. 373), which is a metallic vessel, 
oontaining the mixture, and closed by a cork. Through one side 
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n insulated metallic rod with a knob at each end, that at the 

mer end being at a short distance from the opposite side of the 

ssel, 80 that, if a apark is given to the exterior knob, a spark also 

'n the interior, and inflames the mixture. This effect is 

Bcompanied by a violent detonation, and tlie cork is projected to a 

istance. 

_ The electric spark often produces a reverse eflFect — that is to say, 

the decomposition of a compound body; but the action in this case 

is gradual, and a great number of sparks must be passed before the 

full effect is obtained. Thus, if a succession of sparks be passed in 




e interior of a mass of ammonia, contained in a vessel inverted over 
mercury, the volume of the g&a la observed to undergo a gradual 
increa.se, until at length, if kept at constant pressure, the volume is 
exactly doubled. It then consists of a mechanical mixture of nitrogen 
and hydrogen, the constituents of ammonia. 

Composition and decomposition are often both produced at once. 
Tiu3, if a spark is passed in a mixture of carburetted hydrogen and 
C certain proportion of oxygen, the former gas is decomposed, its 
g'drogen combining with a portion of the oxygen to form water, 
Bid its cai'bun combining with another portion to form carbonic acid. 
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698. Wind from Points. — If a metallic rod terminating in a point 
be attached to the conductor of the electrical machine, electricity 
escapes in large quantity from the point, which, accordingly, when 
viewed in the dark, is seen to be crowned with a tuft of light. A 
layer of air in front of the point is electritied by contact, and then 
repelled, to make way for other portions of air, which are in their 
turn repelled. A continuous current of air is thus kept up, which is 
quite perceptible to the hand, and produces a very visible effect on 
the flame of a taper (Fig. 374). 

The electric whirl (Fig. 375) consists of a set of metallic arms, 

radiating horizontally from a common centre 
about which they can turn freely, and bent, 
all in the same direction, at the ends, which 
are pointed. When the central support is 
mounted on the conductor of the machine, 
the arms revolve in a direction opposite to 
that in which their ends point. This eflTect 
is due to the mutual repulsion between the 
pointed ends and the electrified air which 
flows oflT from them. 

It is instructive to remark that if, by a 

special arrangement, the rotating part be 

inclosed in a well-insulating glass case, the 

rotation soon ceases, because, in these circumstances, the inclosed 

air quickly attains a state of permanent electrification. 

599. Electric Watering-pot. — Let a vessel 
containing a liquid, and furnished with very 
tine discharge tubes, be suspended from the 
conductor of the machine. When the vessel 
is not electritied, the liquid comes out drop 
by drop; but when the machine is turned, it 
issues in continuous fine streams. It has, 
however, been observed that the quantity 
discharged in a given time is sensibly the 
same in both cases. This must be owing to 
the equality of action and reaction between different parts of the 
issuing stream. 




Fig. 376.— Electric Whirl 




Fig. 870.— Electric Backet. 
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600. The object of the present cliapter is tr> give a brief outline 
of the iiiethoils hy which uiatheinaticiaiits have succeeded in bring- 
ing numerous electrical prablems within the range of accurate 
reasoning. 

The funilaniental conception in the mathematical theory of elec- 
[(rieity is that of attraction and repulsion, acting according to the 
,wof inverse stjiiares; and the unit ij^uontity of electricity is defined 
be that quantity which woiUd atti-act or repel an equal quantity 
it unit distance with unit force. 
The influence which an electrified body exercises in the region 
'und it can be specified by stating the force of attraction or 
^pulsion which the body would exert upon a small charged body 
■placed in various parts of this region or field (which is accordingly 
called a field of electrical force), the force being stated not only in 
magnitude but also in direction. In this sense we speak of the elec- 
trical force at a point, meaning the force which would be exerted 
lon a unit of electricity placed at the point; and in any such speci- 
ication the unit of electricity is .supposed not to disturb by ita pre- 
!nce the pre^nously existing distribution of electricity- 
There can be electrical force at points in the air, or in the sub- 
itance of any non-conductor, without disturbance of equilibrimn; 
but electrical force in a conductor instantly produces a current of 
electricity in the direction of the force. At the surface of a con- 
ductor electrical force can exist, but it must always be normal to the 
surface; for if there were any tangential component, a current would 
be produced along the surface. 

601. Definition of Difference of Potential. — We know, by the prin- 
iple of the cttnservation of energy, that the work done upon a unit 



698 ELECTRICAL POTENTUL — LINES OF ELECTRICAL FORCE. 

of electricity in its passage from one point to another, must be inde- 
pendent of the path pursued; and we agree to call this work the 
difference of potential of the two points. 

602. Relation between Potential and Force. — If V denote the poten- 
tial at a point, and V — 5V the potential at a neighbouring point, 
8V is the work which electrical attractions and repulsions do upon 
a unit of positive electricity in its passage from the first point to the 
second; and since work is equal to force multiplied by distance, the 
average force along the joining line can be computed by dividing 3 V 
by the distance, which we will call ^s. Hence the limiting value of 

jj- as the two points are taken nearer together, is the component 

force in the direction 58; that is, the rate of variation of potential in 
any direction is equal to the component force in that direction. 

The direction in which the variation is most rapid will be the 
direction of the resultant force; and when la is measured in this 

direction j— will be equal to the resultant force. 

603. Lines of Force. — If a line be traced such that every small 
portion of it (small enough to be regarded as straight) is the direc- 
tion of resultant force at the points which lie upon it, it is called a 
line of force; in other words, a line of force is a line whose tangent 
at any point is the direction of the force at that point. We may 
express this briefly by saying that lines of force are the lines along 
which resultant force acts. 

604. Equipotential Surfaces. — An equipotential surface is a surface 
over the whole of which there is the same value of potential. When 

Is lies in such a surface, the value of y- is zero; and therefore there 

is no component force along any line lying in the surface. The 
resultant force must therefore be normal; that is, lines of force cut 
equipotential surfaces at right angles. 

When we are dealing with gravitational forces instead of with 
electrical attractions and repulsions, equipotential surfaces are called 
level surfaces, and lines of force are called veHicals. 

If two equipotential surfaces are given, their potentials being Vj 
and V2, the work done in carrying a unit of electricity from any 
point of the one to any point of the other, is constant, and equal to 
the difference of Vi and V2. 

If we consider two equipotential surfaces very near one another, 
so that the portions which they intercept on the lines of force may 
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.be regarded aa afcraight, the intensity of force at different points of 
■the intermediate space will vary inversely as the distance hetween 
ttie two equipotential surfaces; for, when equal amounta of work 
we done in travelling unequal distances, the forces must be inversely 
as the distances. 

605. Potential of a Conduotor, — When electrical potential is con- 
stant throughout a given space, there is no electrical foi-ce in that 
space; and conversely, if there be an absence of electrical force in a 
given space, the potential throughout that space must be uniform. 
These propositions apply to the space within a hollow conductor. 
They also apply to the whole substance of a solid conductor, and to 
the whole space inclosed within the outer surface of a hollow con- 
ductor. Wlicnever a conductor is in electrical equilibrium, it has the 
same potential throughout the whole of its substance, and also 
through any completely inclosed hollows which it may contain. 

When a conductor is not in electrical equilibrium, currents set in, 
tending to restore equilibrium; and the direction of such currents is 
always from places of higher to places of lower potential. 

It is usual to assume as the zero of potential the potential of the 

;h; but this assumption is not consistent with itself, since the 

jxistence of earth currents proves tliat there are differences of poten- 

aal between different parts of the earth. The absolute zero of 

^ential is the potential of places infinitely distant from all elec- 

■icity. 

606. Energy of a Charged Coaduetor. — When positive electricity is 
^allowed to run down from a conductor of higher to one of lower 
potential, there is a loss of potential energy, just as there is a loss of 
potential energy in the running down of a heavy body from a higher to 
a lower level ; and on the other hand, to make positive electricity pass 
from a conductor of lower to one of higher potential, work must be 
expended from some external source, just as work must be expended 

raise a heavy body. In the case of the heavy body, the work 
.pended in the latter case, or the potential energy which runs down 
the former, is equal to its weight multiplied by the difference of 
and in the analogous case of the electrical operation, the work 
tir the energy is the product of the quantity of electricity which 
passes from one conductor to the other by the difference of poten- 
tials of the two conductors,^ provided that these potentials remain 
sensibly constant during the operation. 

The cloaeneM of the analogy will he better iimier'tnoil when it ia remetnhered that 1( 



600 ELECTRICAL POTENTIAL — LINES OF ELECTRK'AL FORCE. 

When a conductor is charged in the ordinary way, its charge is 
drawn from the earth, the potential of which is unaffected. If we 
suppose the charge to be communicated in a numerous succession of 
small equal parts, the potential of the conductor, which is originally- 
zero, is increased by a succession of equal steps, till it attains its final 
value. Hence it is only the last part that is raised through the full 
difference of potential, and the mean value of the difference of poten- 
tial through which the successive parts are raised is the half of this. 
Hence the work done in charging a conductor, or the energy which 
runs down in discharging it into the earth, is half the product of its 
potential and its charge. 

607. Tubes of Force. — If we conceive a narrow tube bounded on 
all sides by lines of force, and call it a tube of force, we can lay down 
the following remarkable rules ^ for the comparison of the forces 
which exist at different points in its length. (1) In any poiiimi of 
a tube offo7'ce not containing electricity, the intensity of force varies 
inversely as the cross-section of the tube, or the product of intensity 
of force by section of tube is constant.^ (2) When a tube of force 
duts through electHdty, this product changes, from one side of this 
electricity to the other, by the amount ^vq, where q denotes the 
quantity of the electricity inclosed by the tube. 

The following are particular cases of (1): — 

When the electricity to which the force is due is collected in a 
point, the lines of force are straight, the tubes of force are cones (in 
the most general sense), and the law of force becomes the law of 
inverse squares, since the section of a cone varies as the square of the 

a series of level surfaces are described completely surrounding the earth, and one foot 
apart at the equator, they will be less than a foot apart at the poles, for the distance 
between them will, by the reasoning in the text, be inversely as the intensity of gravity. 
The work done in lifting a body from any one of these surfaces to any other, wiU be pro- 
portional to the product of its mass (not its weight) by the number of intervals crossed. 

If one of the surfaces passes through the top of Mount Everest, and another through a 
point on the Indian coast, the distance between them will be greater at the coast than at 
the mountain. Hence the height of the mountain above the coast is an ambiguous 
quantity. 

^ For the proof of these rules, as mathematical deductions from the law of inverse squares, 
the student may refer to Cumming's Electricity, §§ 43-48, or to Minchin's Statics, arts. 
241, 242. 

• This is obviously analogous to the law which applies to the comparison of the velocities 
of a liquid in different parts of a tube through which it flows, since the product of area by 
velocity is the volume of liquid which flows past any section in unit time. The tube may 
be an imaginary one, bounded by lines of flow in a large body of liquid flowing steadily. 
Lihes of flow are thus the analogues of lines of force. 
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pdistanee from the vertex. These results also apply to the case of 
electricity uniformly diatributeJ over the surface of a sphere, the 
common vertex in which the cones would meet if produced being 
now at the centre of the aphere. 

When the electricity eonaiats of the chargea of two oppositely 

itlecti'itied parallel platea, whoae length and breadth exceed the dis- 

ince Vietween them (the ptatea being conductors, and placed opposite 

each other), the lines of force between theii' central poiiions are 

Bensibly straight and pai'allel, the tubes of force are therefore cylin- 

Bers (in the niont general senae). and the force is const-ant, being equal 

) the ditierence of the potentials of the plates divided by the dia- 

uice between them. The same thing holds if, instead of being 

■ oppositely electrified, the plate,s are ainiilarly electrified, but not to 

the sante potential. 

606. Force Proportional to Number of Tabes whicb cut Unit Area, 
— —The eross-sectioiLS of tubes of force are portions of equipoteutial 
faces. If one equipotential surface be divided into portions, such 
t the product of art-u by force-i'tde-Uffiir/ shall be the same for all, 
then, if all neighbouring space not containing electricity be cut up 
into tubes, springing from these portions as their respective bases, 
the product of any croaa-section of ajiy one of these tubea by the 
force-intensity over it will be constant. The force -intensities at any 
points in this space are therefore invei-sely as the croe-s-sectiona of the 
tubea at these points, or are (.lirectly a.s the number of tubea per unit 
rea of equipotential aurfaces at the points. 

609. Force jnet Outside an EleotriSed Conductor, — Since there is 
bo force in the interior of a conductor, the lines and tubes of force 
"become indeterminate; but propcxsition (2) of § 007 can be shown 
to hold when we give them any shape not discontinuous. Let p 
denote the electric density at a point on the sui-face, and u a small 
area around this point, which area we shall regard as a section of a 
tube of force cutting through the surface. Let F denote the intensity 
of force just outside the surface opposite this point, then, since the 
intensity inaiJe is zero, we have 

Fa = 4T'/ = 4Tpa , F = iwp: 

lat ia, the intevmtij of force just outsUh any pnrt of the surface of 
Wt^uvrged conductor, i» equal iu the product of ir into the density 
i the nearest jxiH of the mi.rfuci'. 

610. Relation of Induction to Lines and Tubes of Force. — Lines of 



602 ELECTRICAL POTENTIAL — LINES OF ELECTRICAL FORCE. 

force are also the lines along which induction takes place. On 
Faraday's theory of induction by contiguous particles, the line of 
poles, for any particle, is coincident with the line of force which 
passes through the particle. Apart from all theory, it is matter of 
fact that a tube of force eoctending frorti an influencing to an 
influenced conductor, and not containing any electHdty in the 
interval between, has equal quantities of electricity on its two ends, 
these quantities being of opposite sign. This equality follows at 
once from § G07 (2), if we consider the tube as penetrating the two 
conductors; for the product of force by section, which is coastant for 
the portion of the tube in air, is zero in both conductors; and the 
quantity of electricity on either end of the tube must be the quotient 
of this constant product by 4ir. In connection with this reasoning, 
it is to be remarked that the surface of a conductor is an equipoten- 
tial surface, and is cut at right angles by lines of force. 

In Faraday's ice-pail experiment, a tube of force springing from 
the upper side of the charged ball, and of such small section at its 
origin as to inclose only an insensible fraction of the charge of the 
ball, opens out so fast, as it advances, that it fills the whole opening 
at the top of the pail. 

In every case of induction, therefore, the total quantities of in- 
dnicing and induced electHcity are equal, and of opposite sign. 

When the inducing electricity resides in or upon a non-conductor, 
for example on the surface of a glass rod, or in the substance of a 
mass of air, the quantity of electricity induced on the base of a tube 
of force is equal and opposite to the quantity contained within the 
tube. In the simplest case, all the tubes will have a common apex, 
which will be a point of maximum or minimum potential. 

611. Potential defined as 2 ^. 

r 

Let a quantity q of electricity be collected at a point 0, and let 
A, B be any two points very near together. The forces at A and B 

due to q will be ^ and q^„ and these will be nearly equal to each 

other or to -qj^.q^ • When a unit of electricity is carried from A to 

B its motion can be resolved into two components, one of them in 
the direction of the force and equal to OB — A, and the other 
perpendicular to the direction of the force. Hence the work done 

will be --Q J. -Qg--, that is, ^-^; or if r denote the distance of 

any point from 0, the work dons in a small movement is equal to 
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e change in the value of —. Since any movement can be resolved 
into a succession of small movements, we may omit the word small, 
aid the proposition will still he true. Aa r increases to infinity, 
-- will diminish to zero. Hence, | denote.s the work from distance 
r to infinite distance. 

regards sign, ^ is the work done hy electrical force when a 
init of positive electricity is caiTieil fi'om distance }■ to infinite 
istanee, 

Next .suppose several quantities, q^, y^, &c.,t« be collected at different 
Kiints, 0„ Oj, &c. Let P be any other point, and let 0|P = j'j, 
\V~r.,, &c. Then in the pas.sage of a unit of electricity from P to 
infinite distance, the electrical work ia, hy the preceding section, 



|(rhich we will denote by S'^, the sjnnbol 2 being read "the sum of 
inch terms aa." 

2 7 is therefore the general expression for the potential at a point 

tue to any quantity of electricity distributed in any manner; in 

■ words, the potential is equal to the sum of the quotients 

febtained by dividing each element of electricity by its distance from 

e point. The distances are essentially positive. If the electricity 

s not all of one aign, some of the quotients, — , will be positive and 

iers negative, and their algebraical sum is to be taken, 

612. Application to Sphere. — In the case of a charged conducting 
ipliere, all the elements q are equally distant from the centre of the 
sphere, and the sura of the quotients — , when we are computing the 
(Otential at the centre, will be jj, Q denoting the charge, and R the 

dius of the sphere. But the potential is the same at all points in 
L conductor. ^ is therefore the potential of a sphere of radius R, 
rith charge Q, when uninfluenced by any other electricity than its 
wn. 

613. Capacity, — The electrical capacity of a conductor is the quan- 
tity of electricity required to charge it to unit potential, when it is 
hot influenced by any other electricity besides its own charge and 

eloctricitv which this induces in neiglibouring conductors, Or, 
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since, in these circumstances, potential varies directly as charge, 
capacity may be defined as the quotient of charge by potential. Let 
C denote capacity, V potential, and Q charge, then we have 

c = ^ ; v=g ; Q = VC. 

But we have seen that, for a sphere of radius R, at a distance from 

other conductors or charged bodies, V = ^. Hence C = R; that is, 

the capacity of a 82^here is mirnei^cally equal to its radius. 

This is a particular instance of the general proposition that the 
capacities of similar conductors are as their linear dimensions; which 
may be proved as follows: — 

Let the linear dimensions of two similar conductors be as 1 : n. 
Divide their surfaces similarly into very small elements, which will 
of course be equal in number. Then the areas of corresponding 
elements will be as 1 : n\ and, if the electrical densities at cor- 
responding points be as 1 : x, the charges on corresponding elements 
are as 1 : n^x. The potential at any selected point of either con- 
ductor is the sura of such terms as — (§ Gil). Selecting the cor- 
responding point in the other conductor, and comparing potentials, 
the values of q are as 1 : n^x, and the values of r are as l:n; there- 
fore the values of - are as 1 : nx. Hence the potentials of the two 

conductors are as 1 : nx. If they are equal, we have 7iaj=l, and 
therefore n^x=:n; that is, the charges on corresponding elements, 
and therefore also on the whole surfaces, are as 1 : n. 

We shall see, in the next chapter, that the capacity of a 
conductor may be greatly increased by bringing it near to another 
conductor connected with the earth. 

614. Connection between Potential and Induced Distribution. — In 
the circumstances represented in Fig. 335 (§ 563), if we suppose the 
influencing body C to be positively charged, the potential due to this 
charge will be algebraically greater at the near end A of the in- 
fluence conductor than at the remote end B. The induced electri- 
city on A B must be so distributed as to balance this difference, in 
fact the potential due to this induced electricity is negative at A and 
positive at B. All cases of induced electricity upon conductors fall 
under the rule that the potential at all parts of a conductor must be 
the same, and hence, wherever the potential due to the influencing 
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electricity is algebraicaUy greatesty the potential due to the electricity 
on the injluenced condv/itor must he algebraically least. 

As there can be no force in the interior of a conductor, the force 
at any point in the interior, due to the influencing electricity, must 
be equal and oppasite to the force due to the electricity on the sur- 
face of the conductor. This holds, whether the conductor be solid or 
hollow. A hollow conductor thus completely screens from external 
electrical forces all bodies placed in its interior. 

616. Electrical Images. — If a very large plane sheet of conducting 
material be connected with the earth, and an electrified body be 
placed in front of it near its middle, the plate will completely screen 
all bodies behind it from the force due to the electrified body. The 
induced electricity on the plate therefore exerts, at all points behind 
the plate, a force equal and opposite to that of the electrified body, 
or, what is the same thing, a force identical with that which the 
electrified body would exert if its electricity were reversed in sign. 
But electricity distributed over a plane surf'ace must act symmetri- 
cally towards both sides. Hence the force which the induced electri- 
city exerts in front, is identical with that which would be exerted by 
a body precisely similar to the given electrical body, symmetrically 
placed behind the plane, and charged with the opposite electricity. 
The total force at any point in front of the plane is the resultant of 
the force due to the given electrified body, and the force due to this 
imaginary image. The name, and the idea of electrical images, of 
which this is one of the simplest examples, are due to Sir W. Thom- 
son* 
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616. Condensers. — The process called condensation of eledi^icity 
consists in increasing the capacity of a conductor by bringing near 
it another conductor connected with the earth. The two conductors 
are usually thin plates or sheets of metal, placed parallel to one 
another, with a larger plate of non-conducting material between 
them. 

Let A and B (Fig. 377) be the two conducting plates, of which A, 
called the collecting plate, is connected 
with the conductor of the machine, and 
B, called the condensing plate, with the 
earth; and let C be the non-conducting 
plate (or dielectric) which separates them. 
Then, if the machine has been turned 
until the limit of charge is attained, the 
surface of B which faces towards A is 
covered with negative electricity, drawn 
from the earth, and held by the attrac- 
tion of the positive electricity of A; and, 
conversely, the surface of A which faces 
towards B, is covered with positive elec- 
tricity, held there by the attraction of the 
negative of B, in addition to the charge 

which would reside upon it if the conductor were at the existing 
potential, and B and C were absent. In fact, the electrical density 
on the face of A, as well as the whole charge of A, would, in this 
latter case, be almost inappreciable, in comparison with those which 
exist in the actual circumstances. By condensation of electricity, then. 




Fig. 877.— Theoretical Condenser. 



we are to understand increane — usually enormous increawe— «/ cfec- 
trical density on a given sv/rface, attained without inet-eaae of 
potential. If two conducting plates, in other respects alike, but 
one with, and the other without a condensing plate, be connected 
by a wire, and the whole system be electrified, the two plates will 
have the same potential, but nearly the whole of the charge will 
reside upon the face of that which is accompanied by a condensing 
plate. 

617, Calculation of Capacity of Condenser. — The lines of force 
between the two plates A and B are everywhere sensibly straight 
and perpendicular to the plates, with the exception of a very small 
space round the edge, which may be neglected. The tubes of force 
(§ 607) are therefore cylinders, and the intensity of force i.s con- 
stant at alt parts of their length. Also, since the potential of the 
plate B is zero, if we take V to denote the potential of the plate A, 
which is tlie same as the potential of the conductor, and ( to denote 

»the thickness of the intervening plate C, the rate at which potential 
fparies along a line of force is y, which is therefore (§ C02) the 
expression for the force at any point between the plates A, B. The 
whole space between the plates may be regarded as one cylindrical 
tube of force of cross-section S equal to the area of either plate, the 
I two ends of the tube being the inner faces of the plates. The quan- 
^ties of electricity + Q residing on these faces are therefore equal, 
■but of opposite sign {§ 610); and as the force changes from nothing 
) - in paiising from one side to the other of the electricity which 
ffiidea on either of these surfaces, we have (§ 607) 

mce the capacity of the plate A, being, by definition, equal to 5' 
B equal to 



iVe should, however, explain that, if the intervening plate C is a solid 
r liquid, we are to understand by t not the simple tldckness, but the 
■fiiickness reduced to an equivalent of air, in a sense wlucli will be 
explained further on (§ 024}. This reduced thickness is, in the case 
of glass, about half the actual thickness. 

If J* denote an element of area of A, and q the charge i 
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upon it, it is evident, from considering the tube of force which has s 

for one of its ends, that 

V , 

and the electric density ^ on the element is ecjual to ^ -> which is 

constant over the whole face of the plate. 

To give a rough idea of the increase of capacity obtained by the 
employment of a condensing plate, let us compare the capacity of a 
circular disc of 10 inches diameter, accompanied by a condensing 
plate at a reduced distance of -^ of an inch, with the capacity of a 
globe of the same diameter as the disc. The capacity of the globe 
is equal to its radius, and may therefore be denoted by 5. The 

capacity of the disc is ^ - , = 125, or 25 times the capacity of the 

globe. It is, in fact, the same as the capacity of a globe 250 inches 
(or 20 ft. 10 in.) in diameter. 

618. Discharge of Condenser. — If, by means of a jointed brass dis- 
charger (Fig. 378) with knobs M N at the ends, and with glass 





Fig. 378.— Discharge of Condenser. Fig. 379.— Discharger wiUiout Handles. 

handles, we put the two plates A and B in communication, a brilliant 
spark is obtained, resulting from the combination of the positive 
charge of A with the negative of B, and the condenser is discharged. 
When the quantity of electricity is small, the glass handles are un- 
necessary, and the simpler apparatus represented in Fig. 379 may be 
employed, consisting simply of two brass rods jointed together, and 
with knobs at their ends, care being taken to touch the plate B, 
which is in communication with the earth, before the other. The 
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[^operator will then experience no shock, aa the electricity pa-sses in 
preference through the brass rods, which are mucli better conductors 
than the human body. If, hnwevcr, the operator discharges the 
condenser with his hands by touching first the plate B, and then also 
the plate A, the whole discharge takes place through his arms and 
chest, and he experiences a severe shock. K he simply touches the 
plate A, while B remains connected with the earth by a chain, aa in 
Fig. 377, he receives a shock, biit less violent than before, because 
s discharge ha-*? now to pass through extenial bodies which con- 
lume a portion of its energy. If, instead of a chain, B is connected 
with the earth by the haml of an assistant touching it, he too will 
Bteceive a shock when the operator touches A. 

619. Discovery of CnneuB. — The invention of the Leyden jar was 
■brought about by a shock accidentally obtained. Some time in the 




»r 1746, Cuneus, a pupil of Muscbenbroeck, an eminent philosopher 
t Leyden, wishing to electrify water, employing for this purpose a 
wida-mouthed flask, which he held in his hand, while a chain from 
the conductor of the macliine dipped in the water (Fig. 380). When 
the experiment had been going on for some time, he wished to dia- 
^nnect the water from the niai'hine. and for thi^ purpose was alxiiit 
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to lift out the chain; but, on touching the chain, ho experienced a 
shock, which gave him the utmost consternation, and inaile him let 
fall the flask. He took two daya to recover himsolf, and wrote to 
B^aumur that he would not expose himself to a second shock for the 
crown of France. The news of this extraordinary experiment spread 
over Europe with the rapidity of lightninif, and it was eagerly 
repeated everywhere. Improvements were soon introduced in the 
arrai^ement of the flask and its contents, until it took the present 
form of the Leyden Phial or Leyden Jar. It is easy to see that the 
effect obtained by Cuneus depended on condensation of electricity, 
the water in the vessel serving as the collecting plate, the hajid as 
condensing plate, and the vessel itself an the dielectric When he 
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touched the chain, the two oppositely charged conductors were put 
in communication through the operator's body, and he received a 
shock. 

620. Layden Jar, — The Leyden jar, as now usually constructed, 
consists of a glass jar coated, both inside and out, with tin-foil, for 
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lut four- fifths of its Iieight. The iiioiith is closed hy a cork, 
through which passes a metallic rod, terminating above in a knob, 
and connected below with the inner coating, either by a chain 
depending from it, or by pieces of metallic foil with which the jar is 
filled. The interior of the jar must be thoroughly dry before it is 
closed, and the cork and neek are usually covered with sealing-wax, 
and shellac varnish, which is less hygroscopic than glass. The Leyden 
jar is obviously a condenser, ita two coatings of tin-foil performing 
the parts of a collecting plate and a condensing plate. If the inner 
coating is connected with the electrical machine, and the outer coat- 
ing with the earth, the former acquires a positive, and the latter a 
negative charge. On connecting them by a discliargcr, ag in Fig. 
382, a spark is obtained, whose power depends on the potential of 
the inner coating, and on its electrical capacity. If these be denoted 
respectively by V and C, and if Q dt^note the quantity of electricity 
residing on either coating, the amount of electrical energy which runs 
down and undergoes transformation when the jar is discharged, la 
JQV=4CV=iJ". {§C06.) 

The quantities Q, V, C, which are, properly speaking, the charge, 

itential, and capacity of the inner coating, are usually called the 

large, potential, and capacity of the jar, 

Kesidual Charge, — When a Leyden jar has been discharged 
by connecting its two coatings, if we wait a short time we can obtain 
another but much smaller spark by again connecting them, and other 
sparks may sometimes be obtained after further intervals. These are 
called secondary discharges, and the electricity wliicli thus remains 
t.fter the first discharge is called the o'esidual charge. It apperrs 
to arise from a state of strain into which the glass is thrown by the 
charge, and from which it takes some time to recover. 

The whole charge of the outer coating, and all except an insigni- 
ficant portion of the charge of the inner coating, resides on the side 
of the foil which is in contact with the glass, or, more probably', 
on the surfaces of the glass itself, the mutual attraction of the two 
opposite electricities causing them to approach as near to each other 
as the glass will permit. This is illustrated by Franklin's experi- 
ment of the^"(W with movable coativys (Fig- 383). The jar is charged 
in the ordinary way, and placed on an insulating stand. The inner 
coating is then Ufted out by a glass hook, and touched with the 
land to discharge it of any electricity which it may retain. The 
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glass is then lifted out, and the outer coating alao discharged. The 
jar is then put together again, and is found to give nearly as strong 
a spark as it would Iiave given originally. 

623. Discharge by Alternate Contacts. — In- 
stead of diwharging a Leyden jar at once by 
connecting its two coatings, we may gradually 
discharge it by alternate contacts. To do this 
we must set it on an insulating stand (or other- 
wise insulate both coatings from the earth), and 
then touch the two coatings alternately. At 
every contact a small spai'k will be drawn. The 
coating last touched has always rather less 
electricity upon it than the other, but the differ- 
f^^^b ence is aTi exceedingly small fraction of the 

l|H| whole chargL-, and, after a great number of 

^a« l'^^^^— ■ sparks have been drawn by these alternate 
^HU^^^H^B contacts, we may still obtain a powerful dis- 
^^^^^^^^^^ charge by connecting the two coatings. 
""■ ^^"tS^ "*"' '^^ quantities of electricity thus alternately 
discharged from the two coatings form two 
decreasing geometric series, one for each coating. In fact, if tti 
and m' be two proper fractions such that, when the outer coating is 
connected with the earth, the ratio of its charge to that of the inner 
is — m; and, when the inner coating is connected with the earth, 
the ratio of its charge to that of the outer is —m', we have the 
following series of values: — 

On Inner canting. On oater coating. 

Original chargeB + Q ... -jn Q 

After 1 at contact, + m'm Q ... — ntQ 

2d +m'mQ ... -n'in*Q 



The quantities discharged from the inner coating are, successively 
(1 — m'm) Q, m'?n (1— T/i'm) Q, m'^Tn^ (l—7ti'm) Q, &c.; and the 
quantities successively discharged from the outer, neglecting sign, 
are m (1— m'm) Q, m'Tri^ (1— m'm) Q, m'^^ (1— m'm) Q, &c. 

The quantity (l—m'm) Q discharged at the first contact repre- 
sents that portion of the charge^ which is not due to condensation; so 
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that the actual capacity of the Leyden jar is to the capacity of the 
inner coating if left to itself as 1 : l—vi'm. 

The discharge by alternate contacts can be effected by means of a 
carrier suspended between two bells, as in Fig, 384, The rod from 
the inner coating terminates in a hell, and the outer coating is eon- 
nuetcJ, by means of an arm of tin, with another bell supported on a 
metallic column. An 
insulated metallic ball 
is suspended between 
the two. This ia first 
attracted by the posi- 
tive bell. Then, being 
repelled by this and 
attracted by the other, 
it carries its charge of 
positive electricity to 
the negative bell, and 
receives a charge of 
negative, which it car- 
ries to the positive bell, 
'.'._ _' and so on alternately. 

t- Izk - " L'- T--^--/-: : -" The whole apparatus 

Fig; 384.— AlterrJBte Diaihnr^ Stands UpOn an insulat- 

1 ing support. It ia not, 

owever. necessary that the carrii^r should be insulated from the 
uarth, but it mu.st be msulated from both coatings. 

623. CondenBing Power, — By the condensing power of a given 
aiTangement is meant the ratio in which the capacity of the 
collecting plate is increased by the presence of the condensing plate, 
which ratio, as we have seen in laat section, ia equal to the frac- 
tion fv~^- ^i&^s has investigated its amount experimentally under 
■\-arying conditions, by means of tlie apparatus represented in Fig. 
385, which is a modification of the condenser of i^pinus. It consists 
of two metallic plates A and B, supported on glass pillars, and 
travelling on a rail, so that they can be adjusted at different distances. 
Between them is a large glass plate C. A is charged from the 
machine, B being at the same time touched to connect it with the 
ground. The electrical density on the anterior face of A was ob- 
means of Coulomb's proof-plane and torsion-balance. 
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Riess' experiments are completely in agreement with the theory laid 
down in the preceding sections of this chapter; for example, he found, 
among other results, that the condensing power waa independent of 




the absolute charge, and that it variutl nearly in the inverse ratio of 
the distance. 

634. Influence of the Dielectric— Faraday difjcovered that the 
amount of condensation obtained in given positions of the two con- 
ducting plates depended upon the material of the intei'veniiig non- 
condvAitor or dielectric. Fig. 38G represents a modification of one 
of Faraday's experiments, A is an insulated metallic disc, with 
a charge, which we will suppose to be positive. B and C are 
two other insulated metallic discs at npial distances fi-om A, each 
having a small electric pendulum suspended at its back. Let B 
and C be touched with the hand; they will become negatively 
electrified by induction, but their negative electricity will reside only 
on their sides which face towards A, and the pendulums will hang 
vertically. If, while matters are in this condition, we move B nearer 
to A, we shall see both the pendulums diverge, and on testing, we 
shall find that the penduluut B diverges with positive, and O with 
negative electricity. The reason is obvious. Tht approach of B to 
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A causes increased induction between them, so that more negative 
ia drawn to the face of B, and positive is driven to its back; at the 
same time the symmeti^ical distribution of electricity on A is dis- 
turbed, a portion being accumulated on the side nest B at the 
expense of the side next C. The ^ _ ^ 

inductive action of A upon C is 
thus diminished, and a portion of 
the negative charge of C is left 
free to spread itself over the back, 
and affect the pith-ball. 

If, while the discs are is their 
initial position, B and C being 
equidistant from A, and the 
pendulums vertical, we interpose 
between B and A a plate of sul- 
phur, shellac, or any other good _ — .„ ■'— ,„i— ^ 
insulator, the same effect will be JP"™*™™^ 
produced as if B had been ng.ssa.— change ^Diiuno*., 

brought nearer to A. We see, 

then, that the insulating plate of a condensing arrangement 
serves not only to prevent discharge, but also to increase the induc- 
tive action and consequent condensation, as compared with a layer 
of air of the same thickness; inductive action through a plate of 
sulphur or shellac of given thickness, is the same as through a thinner 
plate of air. The numbers in the subjoined table (which contains 
Faraday's results) denote the thickness of each material which i^ 
equivalent to unit thickness of air. For example, the mutual in- 
duction through 2'24 inches of sulphur is the same as through 1 inch 
of air. These numbers are called 




Specific Injii 
Air or an; ga«, . . . . I'OO 

Spennaceti, 1*45 

Glaw, 1-76 



E CAFACITlEa. 

Pitch, . , 

Wai, . . . 

Shi^Uac . . 

Sulphur. . , 



The quotient of the actual thickness of the plate by the specific 
inductive capacity of its material may appropriately be called the 
tkidcnesa reduced to its equivalent of air, or simply the reduced 
tkickneas. 

The foregoing numbers for solids appear from subsequent researches 
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to be too small. Probably the best determiiiations are those of 
Gordon, which may be summarized as follows: — 



Glass, 3-0 to 3-3 

Shellac, '2 74 

Sulphur, 2'oS 

SoUd paraffin, 1-99 



Gutta percha, . . . 


. 2-46 


India-rubber, black, . . 


. . 2-22 


f, gray* . 


. . 2-60 


Ebonite, 


. . 2-28 



625. Faraday's Determinations. — Faraday, to whom the name and 
discovery of specific inductive capacity are due, operated by com- 
paring the capacities of condensers, alike in all other respects, but 
differing in the materials employed as dielectrics. One of his con- 
densers is represented in Fig. 387. It is a kind of Leyden jar, 

containing a metallic sphere A, attached to 
the rod M, and forming with it the inner 
conductor. The outer conductor consists of 
the hollow sphere B divided into two hemi- 
spheres which can be detached from each 
other. The interval between the outer and 
inner conductor can be filled, either with 
a cake of solid non-conducting material, 
or with gas, which can be introduced by 
means of the cock R. The method of 
observation and reduction will be best 
understood from an example. 

The interval being occupied by air, the 
apparatus was charged, and a carrier-ball, 
having been made to touch the summit 
of the knob M, was introduced into a 
Coulomb's torsion-balance, and found to 
be charged with a quantity of electricity represented by 250° of 
torsion. When the second apparatus was precisely similar to the 
first, it was found that, on contact of the two knobs, the charge 
divided itself equally, and the carrier-ball, if applied to either knob, 
took a charge represented very nearly by 125°. 

The conditions were then changed in the following way. The first 
jar still containing air, the interval between the two conductors in 
the second was filled with shellac. It was then found that the air- 
jar, being charged to 290°, was reduced, by contact of its knob with 
that of the shellac-jar, to 114°, thus losing 176°. If no allowance be 
made for dissipation, the capacities of the air-jar and shellac-jar would 
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I therefore be as 11*:176, or as 1 : 1-54, and the specific inductive 
capacity of shellac would be Voi. 

626. Polarization of the Dielectric, — As the interposed non-con- 
ductor, or dielectric, modifies the mutual action of the two electri- 
cities which it separates, and does not play the mere passive part 
which was attributed to it before Faraday's esperimente, it is natural 
to conclude that the dielectric must itself experience a peculiar 
modification. According to Faraday, this modification consists in 
a polarization of its particles, which act inductively upon each other 
along the lines of force, and have each a positive and a negative side, 
the positive side of each facing the negative side of the next. This 
polarization is capable of being sustained for a great length of time 
in good non-conductors; but in good conductors it instantly leads to 

I discharge between successive particles, and the opposite electricities 
appear only at the two surfaces. 
The polarization of dielectrics is eleai'ly shown in the following 
Bxperiment. In a glass vessel (Fig. 3y8) is placed oil of turpentine, 
containing filaments of silk 2 or 3 millimetres long. Two metallic 
rods, A, B, each terminating within in a point, are connected, one 
with the ground, and the other with an electric machine. On work- 
ing the machine, the little filaments are seen to arrange themselves 
a line between the points, and, on endeavouring to break the line 
th a glass rod, it will be found that they return to this position 
'ith considerable pertinacity. On stopping the machine, they imnie- 
itely fall to the bottom. 

An experiment of Matteucci's demonstrates this polarization still 
ire directly. A number of thin plates of mica are pressed strongly 
ler between two metallic plates. One of the motaUic plates is 
larged, while the other is connected with the ground; and, on 
jmoving the metallic plates by insulating handles, it is found that 
" the mica plates are polarized, the face turned towards the pusitive 
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metal plate being covered with positive electricity, and the other face 
with necrative. 

Dr. Kerr has recently shown that glass and other transparent in- 
sulators, when subjected to strong dielectric action, become for the 
time doubly-refracting, a property which is also producible in such 
substances as glass by longitudinal extension or compression. In 
some substances, including glass itself, the dielectric effect is identi- 
cal with the effect of compreaaion along the lines of force. In 
others it is identical with the effect of extension along these lines. 
Liquid as well as solid dielectrics are thus affected, the only differ- 
ence being that in solids the effect takes about half a minute to 
attain its maximum, and dies away gradually when the electrical 
forces are removed; whereas in liquids, the full effect is attained 
instantaneously, and the disappearance is also instantaneous. The 
direction of vision, in the experiments, was at right angles to the 
lines of force; and the optical effect, per unit of thickness in this 
direction, was found to vary, in any given liquid, directly as the 
square of the electric force. 

627. Limit to Thinness of Interposed Plate. — We have seen (§ 617) 
that the capacity of a condenser varies inversely as the distance 
between the collecting and the condensing plate. But if this dis- 
tance is very small, the resistance of the interposed dielectric (which 
varies directly as its thickness) may be insufficient to prevent dis- 
charge, and it will not be practicable to establish a great difference 
of potential between the two plates. We may practically distinguish 
two sorts of condensers, one sort having a very thin dielectric and 
very great condensing power, but only capable of being charged to 
feeble^ potential; the other having a dielectric thick enough to resist 
the highest tensions attainable by the electrical machine. The 
Leyden jar comes under the second category. The first includes the 
electrophorus (except in so far as its action is aided by the metallic 
sole), and the condenser of Volta's electroscope. 

628. Condensers for Galvanic Electricity. — Condensers of very 
large surface are used for certain applications of galvanic electricity, 
especially in connection with telegraphy. They are constructed by 
arranging a number of sheets of tin-foil in a pile, with either thin 

* Strong potential is potential differing very much from zero either positively or nega- 
tively. Feeble potential is potential not differing much from zero. Tension is measured 
by difference of potential ; and when the earth is one of the terms of the comparison, 
tension becomes identical with potentiaL 
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mica or paper saturated with paraffin wax between them. The lat, 
3d, 5th, &c., sheets of tin-foil are connected together and correspond 
to one coating of a Leyden jar, and the 2d, 4th, 6th, &c., sheets are 
comiected and correspond to the other coating. They are charged 
by connecting one of these coatings to one po!e of a batteiy and the 
other coating to the other pole. 

629. Volta'B CondenBing Electroscope. — This instrument, which haa 
rendered very important services to the science of electricity, differs 
from the simple gold-leaf electroscope previously described (§ 565), 
in having at its top two metal plates, of which the lower one is con- 
nected with the gold-leaves, and ia 
covered on its upper face with in- 
sulating varnish, while tliu upper 
is varni.sbed on its lower face, and 
furnished with a glass handle. These 
two plates constitute the conrienser. 
In using the instrument, one of thi; 
two plates (it matters not which) is 
eliarged by means of the body to be 
tested, while the other is connected 
with the earth. They thus receive 
opposite and sensibly equal charges. 
The upper plate is then lifted off, and ■ 
the higher it is raised the wider do 
the gold-leaves diverge. The separa- 
tion of the plates diminishes the capa- 

(aty, and strengthens tlie potential of both, one becoming more 
strongly positive, and the otlier more strongly negative. This 
involves increase of potential energy, which is represented by 
the amoimt of work done against electrical attraction in separating 
the plates. No increase in quantity of electricity is produced by the 
separation; hence the instrument is chiefly serviceable in detecting 
the presence of electricity which is available in large quantity but 
at weak potential. The glass handle of the upper plate is by no 
leans essential, as it is only necessary that the lower plate should 
Ike insulated. The cliarge may be given by induction; in which case 
one piate must be connected with the earth while the inducing 
body is held near it, and the other plate must be kept connected 
with the earth while the influencing bitdy is withdrawn. The 
plates will then bo left charged witli oppOHite electricities, that 
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which was more remote from the influfiiciiig body having acquired 
a charge similar to that of tlie body. For inductive charges, how- 
ever, the condensing arrangenient serves no useful purpase, beyond 
enabling the electroscope to retain its charge for a longer time, the 
effect finally obtained on separating the plates being no greater than 
would have been obtained by employing only the lower plate. 

630. Leyden Battery. — The Leyden battery consists of a number of 
Leyden jars, placed in compartments of a box lined with tin-foil, 
which aervea to establish good connection between their outer coat- 




ings, while their inner coatings are connected by Virass rod.'j. It is 
advisable that the outer coatings should have very free coiinuunica- 
tion with the earth. For this purpose a metallic handle, which is in 
metallic communication with the lining of the bos, should be con- 
nected, by means of a chain, with the gas or water pipes of the 
building. 

Tlie capacity of a Leyden battery is the sum of the capacities of 
the jars which compose it. The charge i» given in thi^ onlinaiy way. 
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by connecting the inner coatings with the conductor of the machine. 
In bad weather this is usually a very difficult operation, on account 
of the large quantity of electricity required for a full charge, and the 
large surface from which diasipatinn goes on. 

Holtz's machine can be very advantageously employed for charging 
a battery, one of itfl poles being connected with the inner, and the 
other with the outer coatings. In dry weather it gives the charge 

ith surprising quickness. 

631. Liohtenberg'B Figures. — An interesting experiment devised by 




I Lichtenberg serves to illustrate the difference between the physical 
I properties of positive and ■negative electricity. 

A Leyden jar is charged, and the operator, holding it by the outer 
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coating, traces a design with the knob on a plate of shellac or vul- 
canite. He then places the jar on an insulating stand, to enable him 
to transfer his hold to the knob, and traces another pattern on the 
cake with the outer coating. A mixture of flowers of sulphur and 
red-lead, which has previously been well dried and shaken together, 
is then sprinkled over the cake. The sulphur, having become nega- 
tively electrified by friction with the red- lead, adheres to the pattern 
which was traced with positive electricity, while the red-lead adheres 
to the other. The yellow and red colours render the patterns very 
conspicuous. The particles of sulphur (represented by the inner 
pattern in Fig. 391) arrange themselves in branching lines, while the 
red-lead (shown in the outer pattern) forms circular spots; whence 
it would appear that positive electricity travels along the surface 
more easily than negative. A similar difference has already been 
pointed out between positive and negative brushes. 

632. Charge by Cascade. — Instead of connecting all the inner coat- 
ings together, and all the outer coatings together, as in the Leyden 
battery, we may connect ^ number of jars in series. Tlie inner 
coating of the first jar is to be connected with the prime conductor 
of the machine; and its outer coating, which must be insulated from 
the earth, is to be connected with the inner coating of the second 
jar. The outer coating of this is in like manner to be connected 
with the inner coating of the next, and so on to the last jar, the 
outer coating of which must be connected with the earth. When 
the machine is worked, a positive charge is given to the inner coat- 
ing of the first, and a sensibly equal negative charge is induced upon 
its outer coating, this negative charge being drawn from the inner 
coating of the second, which accordingly acquires a positive charge 
sensibly equal to that given from the machine to the first jar. This 
reasoning can be extended through the whole chain. Hence if we 
denote by Q the charge given to the inner coating of the first jar, 
the inner coating of each jar in the series has a charge +Q, and the 
outer coating a charge — Q. If we further suppose all the jars to 
have the same capacity C, and if we denote the potentials of the 
inner coatings by Vi, V2, V3, . . . V„, we shall have 

Q:=Vi-V2 = V2-V8=:, &C., =V«-0, 

since the quotient of the charge of a jar by its capacity is equal to 
the difference of potential of the two coatings, and the potentials of 
the outer coatings are V2, V3, . . . V^, 0, By adding the n differ- 
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ences Vi— V2, V2— V3 . . . V^— 0, we obtain Vi, which is accordingly- 
equal to n times ^, and we have 

Q=Vi-V2=Va-V8=, &c., =Yi. 
\j n 

If we compare the charges of these jars with the charge which the 
first jar would have received if its outer coating had been connected 
to earth in the ordinary way. the prime conductor being supposed to 
attain the same potential Vj in both cases, we have 

Q = icVx 

n 

for each jar in the series, whereas we should have had Q' = CVi 
for the single jar. The charge of each jar in the series is therefore 

- of its ordinary charge. 

As regards energy; for the single jar the energy would be JQ'Vi= 
JCVi^, while for any one jar in the series the energy would be 

iQ(Vi- V,) = jicVi^^ = i \cVi«, 

n n n* 

which is -2 of the energy of the single jar. 

Jars thus arranged are said to be charged hy cascade, the name 
being suggested by the successive falls of potential from jar to jar. 
They can either be discharged in succession by connecting the two 
coatings of each, or all together by connecting the inner coating of 
the first with the outer coating of the last. In the former case the 

energy of each spark is i jCVi^, as appears from the above calcula- 
tion. In the latter case the energy of the single spark is i— CVi^. 
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633. Discharge of Batteries. — T!ie effects produced by the discharf 
of a Leyden jar or lattery differ only in degree from those of an 
ordinary electric spark. The shocii, which is smart even with a small 
jar, becomes formidable with a large jar, and still more with a battery 
of jars. 

If a shock ia to be given to a number of persons at once, they must 
form a chain by holding hands. The person at one end of the chaiq 




must place Iiis hand on the outer coating of a charged jar, and the 
person at the other end must touch the knob. The shock will be felt ] 
by all at once, but somewhat less severely by those in the centre. 

The coated -pane, represented in Fig. 392, is simply a condenser, J 
consisting of a pane of glass, coated on both sides, in its central por-f 
tion, with tin-foil. Its lower coating is connected with the earth bia 
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a chain, and a charge is given to its upper coating by the machine. 
When it is charged, if a person endeavours to take up a coin laid 
upon its upper face, he will experience a shock as soon as his band 
comes near it, which will produce involuntary contraction of his arm, 
and prevent him from taking hold of the coin. 

634. Heating of Metallic Threads. — The discharge of electricity 
through a conducting system produces elevation o£ temperature, the 
amount of heat generated being the equivalent of the potential 
energy which runs down in the discharge, and which is jointly pro- 
portional to quantity of electricity and difference of potential. The 
incandescence o£ a fine metallic thread can be easily produced by the 
discharge of a battery. The thread should be made to connect the 
knobs a 6 of an apparatus called a universal discharger (Fig. 393); 




I 



lese knobs being the extremities of two metallic arms supported 
stems. One of the arms is connected with the external 
'surface of the battery, and the other arm is then brought into con- 
nection with the internal surface by means of a discharger with 
glass handles. At the instant of the ypark passing, the thread 
.becomes red-hot, melts, burns, or volatilizes, leaving, in the latter 
ies, a coloured streak on a sheet of paper c placed behind it. When 
le thread is of gold, this streak is purple, and exactly reaembles 
the marks left on waUs when bell-pulls containing gilt thread are 
struck by lightning. 

63S. Electric Portrait. — The volatilization of gold is employed in 
producing what arc called eltctrie portraits. The outline of a por- 
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trait of Franklin is executed in a thin card by cutting sway narrow 
strips. Two sheets of tin-foil are gummed to opposite edges of the 
card, which is then laitl luetween a gold-leaf and another card. The 
whole is then placed in a press (Fig. 3i)-t), the tin-foil being allowed 




Fig. 304— ITbm lor Portrait 

to protrude, and strong pressure is applied. The press is placed 
on the table of the universal discharger, and the two knobs of the 
latter are connected with the 
two sheets of tin-foil. The 
discharge is then passed, the 
gold is volatilized, and the 
vapour, passing through the 
slits to the white card at the 
back, leaves purple traces 
which reproduce the design. 
686. Velocity of Eleetri- 
city. — Soon after the m- 
vention of the Leyden jar, 
various attempts were made 
to determine the velocity 
with which the dischai^ 
travels through a conductor 
connecting the two coatings. 
Watson, about 1748, took two iron wires, each more than a mile 
long, which he arranged on insulating supports in such a way that 
all four ends were near together. He held one end of each wire in 
his hands, while the other ends were connected with the two coat- 
ings of a charged jar. Although the electricity had more than a mile 
to travel along each wire before it could reach his hands, he could 
never detect any interval of time between the passage of the spark 




Fig. SD5.— ArTangein 
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in tlie knob f>i" tlie jar and tlie shock which he I'elt. The velocity 
was in fact far too great ttj be thus measured. 

Wheatstone, about 1S3G, investigated the subject with the aid of 

the revolving mirror of which we have spoken above (§ 591). He 

connected the two coatings of a Leydcn jar by means of a conductor 

which had breaks in three places, thus giving rise to three sparks. 

When the sparks were taken in front of the revolving mirror, the 

litions of the images indicated a retardation of the middle spark, 

compared with the other two, which were taken near the two 

itings of the jai', and were strictly simultaneous. The middle 

.k was separated from each of the other two by a quarter of a 

lile of copper wire. He calculated that the retardation of the middle 

,rk was . j-^ -^^ of a second, which was therefore the time occupied 

travelling through a quarter of mile of copper wire. This is at 
rate of 2SS,000 miles per second, a greater velocity than that of 
liglit, which is only about 180,000 miles per second. 

Since the introduction of electric telegraphs, several observations 
have been taken on the time required for the transmission of a signaL 
'or instance, trials in Queenstown harbour, in July. 1856, when the 
o portions of the first Atlantic cable, on board the Agamemnon 
id ^'iagara, were for the first time joined into one conductor, 2500 
miles long, gave about IJ seconds as the time of transmission of a 
signal from induction coils, corresponding to a velocity of only 1400 
miles per seconii. In 1858, before again proceeding to sea, a quicker 
and more sensitive receiving in.strument — Thomson's mirror galvano- 
meter—gave a sensible indication of rising current at one end of 
,3000 miles of cable about a second after the application of a Darnell's 
itteiy at the other. 

to be fidly established by experiment that electricity has 

lo definite velocity, and that its apparent velocity depends upon 

various circumstances, being greater through a short than through 

a long line, greater (in a long line) with the greater intensity and 

suddenness of the soui-ce, greater with a copper than with an iron 

■ire, and much greater in a wire suspended in air on poles than in 

surrounded by gutta-percha and iron sheathing, and buried under 

lund or under water. In a long submarine line, a short sharp 

sent in at one end, comes out at the other as a signal gradually 

^aaing from nothing to a maximum, an*! then grailually dying 




Fig. 3 
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637. Unit-jai. — For quantitative experiments on the effects o£ 
discharge. Lane's unit-jar haa frequently been employed. One of its 
forms is represented in Fig. 396. It consists of a very small Leyden 
phial, having two knobs a, b, one connected with each coatings, the 
distance between them being adjustable by means of a sliding rod. 
To measure the charge given to a jar or battery, the latter is placed 
upon an insulating sup- 
port, its inner coating is 
connected with the con- 
ductor of the machine, 
and its outer coating is 
connected with the inner 
coating of the unit-jar. 
The outer coating of the 
unit-jar must be in con- 
nection with the ground. 
When the machine is 
worked, sparks pass be- 
tween a and b, each spark being produced by the escape of a 
definite quantity of electricity from the outer coating of the bat- 
tery, and indicating the addition of a definite amount to the 
charge of the inner coating. The charge is measured by counting 
the sparks. 

Snow Harris modified the arrangement by insulating the wtdt-jar 
instead of the battery. One coating of his unit-jar fe connected with 
the battery, and the other with the conductor of the machine. The 
battery thus receives its charge through the unit-jar^ by a succession 
of discharges between the knobs a, b, each representing a definite 
quantity of electricity. 

Both arrangements, as far as their measuring power is concerned, 
depend upon the assumption that discharge between two given con- 
ductors, in a given relative position, involves the transfer of a definite 
quantity of electricity. This assumption implies a constant condition 
of the atmosphere. It may be nearly fulfilled during a short interval 
of time in one day, but is not true from one day to another. More- 
over, it is to be remembered that, as dissipation is continually going 
on, the actual charge in the battery at any time is less than the 
measured charge which it has received. 

' Lane'B mrangemeDt might have been described bj aajing that the outer eoatatg of the 

battery receives ita negative charge from the euth through the unit-jar. 
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638. Mechanical Effects. — The effects of discharge through bad 
■conductors are illustrated by several well-known experiments. 

1. Piimcture of ca/rd. A card is placed (Fig. 397) between two 

Fpoints connected with two eonduetora with are insulated from one 

another by means of a glass stem. The lower conductor having 

been connected with the outer coating of a Leyden jar which is held 

in the hand, the knob of the jar is brought near the upper conductor. 

, A spark passes, and another spark at the same instant passes be- 

■ ■tween the two points, and punctures the card. In performing this 




kexperimL-iiD it i.s uli.^tivi^J UuiL, il' lIh.- j.uiult, itit; u-A Kpj.osite each 
M)ther, the perforation is close to the negative point. This want of 
pymmetry appears to be due to the properties of the air. When 
rrangeraente are made for exhausting the air, it is found that, as 
Ihe density of the air is diminished, the perfoi-ation takes place 
M,rer to the centre. 

The piercing of a card can very oufiily be effected by Holtz's 
machine. Its two conductors are connected with the two coatings 
of a small Leyden jar. The discharges between the poles will then 
consist of powerful detonating aparka in rapid .succession; and if a 
sheet of paper or card be interposed, every spark will puncture a 
minute hole in it. 

2. Perforation of Glxs^. To effect the perforation of glass, a pane 



of glass is supported on one end of a gla,s8 cylinder in wlia'»e axial 
there is a metallic rod teniiinating in a point wldch Just touches th« J 
pane. Another pointed rod exactly over thin, and tnmilatet! fromil 
is lowered until it touches the upper fa«e of the pane. A powerful 1 
spark from a Leyden jar or battery in panaod between the two points, I 
and, if the experiment succeeds, a hole is produced by pulverizatioD j 
of the glass. 




The experiment sometimes fails, by discharge taking place round \ 
the edge of the glass inRteatl of through its substance. To prevent | 
thia, a drop of oil is placed on the upper face of the plane at the point J 
where the hole is to be made; but this precaution does not always ] 
insure success, and, when the experiment has once failed, it is useless I 
to try it again with the same piece of glass, for the electricity is aure " 
to follow in the course which the first discharge has marked out 
for it. 

639. Explosion of Hinee. — It' a strongly charged Leyden jar be 
discharged by means of a jointed discharger which has one of its 
knobs covered with gun-cotton, when the spark passes between 
the jar and thia knob, the gun-cotton will be inflamed. Ordinary 
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cotton mixed with powdered resin can be kindled in the same 
way. 

A similar arrangement is often uaed for exploding mines, A fuse 
is employed containing two wires embedded in gutta percha, but with 
their ends unprotected and near together. One of these wires is 




connected with the outer coating of a condenser, and the other is 
brought into communication with the inner coating. The discharge 
is thus made to pass between the ends within the fuse, and to ignite 
a very inflammable compound by which they are surrounded. Some- 
times one of the wires, instead of being connected with the outer 
coating, is connected with the earth by means of a buried wire. 
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640. Objeet of Electrometen. — Electrometers are instrtunents for 

the m^iartiirernftnt (A ^litPf:rences of t^lrctrical potentiaL The gold-leaf 
^U'/dirriscT/j)^,, th^; ?*traw-f;lectrrx4cof)^. and other instruments of the 
.«iarrie tyjif;, afford rough inrlicatioai of the difference of potential 
F^etw^j^iTi tfift divfnrj(ing VxxJifsH and the air of the apartment, and more 
rneAATjrahU; iridif;ation.s arf: given hy the electrometers of Peltier and 
TMlirnann; hut none of these instruments are at all comparable in 
j^fieiwon to tlie various electrometers which have been invented from 
tirn*? if} time, by Sir Win. Tliomson. 

641. Attracted-disc Electrometers, or Trap-door Electrometera. — 
Wf^ shall first df^crilxj what Sir \Vm. Thomson calls "Attraeted-diae 
Kh',«trofriet*'rH." These instruments, one of which is represented in 
Figs. 400, 401, cr;ntain two jarallel discs of brass g, h, with an 
n]t**rtur(i in the centre of one of them, nearly filled up by a light 
trap-door of aluminium /, which is supported in such a way as to 
a^hnit of its eh^ctrical attraction towards the other disc being resisted 
hy a mechanical force whicli can be varied at pleasure. The trap- 
door and the ])erforat(^d plate surrounding it must have their faces 
as nearly as jiossihle in one plane when the observation is taken, and, 
as they are (electrically connected, they may then be regarded as 
fc»rniin^ ovr. illnr of 'whwh a nit^all central area is movoMe, There 
In always atlrnclinii between the two parallel discs, except when 
tlipy an^ at the same ])()U*ntial. 

liot (luM'r jiotiMitials W denoted by V and V, the electrical densi- 
ti(>H on tluMr faces by p and p\ and their mutual distance by D. We 
havp w»en (§ 017) that, in such circumstances, p and p are constant 
(pxoopfc near tl\e edges of tlie discs), oppasite in sign, and equal, and 
tlmt (l\e intensity of force in the space between them is everywhere 
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. and equal at once to -- ^ - and to +B-f). This force is 
jointly due to attraction by one plate and repulsion by the other, 
e€ich of these having the intensity 2 Tp, or half the total intensity. 

Let A denote the area of the trap-door. The quantity of electricity 
upon it will be p A, and the force of attraction which this experiences 
will be pAx25rp^2irp'*A, which we shall denote by F. Then 
from the equations 

F=2irp'A , r^ = iTft 

we find, by eliminating p. 



(1) 



Sr\ U }' - y A 



642. Absolute Electrometer. — In the abnolute dectromet^r, which 
somewhat reaemhles Fig. 401 turned upside down, the force of 
electrical attraction on the trap-door '& measured by direct com- 
parison with the gravitating force of known weighta. This ia done 
by first observing what weighta must be placed on the trap-door to 
brmg it into position when no electdcal force acts (the plates being 
electrically connected), and by then removing the weighta, allowing 
electrical force to act, and adjusting the plates at such a distance from 
cme another, by the aid of a micrometer screw, that the trap-door 
shall again be brought into position. Then, in equation (2), F, A, 
and D are known, and the difierenee of potentials V — V ca> be 
determined. In the absolute electrometer, the perforated disc h is 
uppermost, so that the direction of electrical attraction on the trap- 
door is similar to the direction of the gravitating force of the weightw. 
The reverse arrangement is usually adopted in the portable electro- 
meter, which we shall next describe. In both instruments, the trap- 
door constitutes one end of a very light lever /ii of aluminium, 
balanced on a horiitontal axis. 

643. Portable Electrometer. — In the portable electrometer (Figs. 
400, 401) this axis passes very accurately through the centre of 
gravity of the lever, the suspension being efiected by means of a fine 
platinum wire ■ww tightly stretched, which is secureil at its centre 
to the lever in such a manner that, when the trap-door conies into 
position, the wire is under torsion tending to draw back the disc 
from the attracting plate g. This torsion (except in so far as it is 
affected by causes of error such as temperature and gradual loss of 
elasticity) is always the same when the disc is in position, and as it 
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13 to be balanced in every ol«er\-ation hy electrical attraction, Hbo 
latter niu-st also be always the same; that h to say. the quantity F 
in e<juatir)as (2) is constant for all olwervationH with the same instru- 
ment; whence it b obvious that V — V w tlirectly proportional to D, 
the distance between the plates. The observation for difference of 
potential therefore consists in altering this distance until the trap- 
door comes into position. This is dune by turning the micrometer 




Fig. «a-Fart«l>leE1< 



Fig. 401.— Pmnllel DbcL 



screw, by means of the milled head m. The divided circle of the 
micrometer indicates the amount of turning for small distances, and 
whole revolutions are read otf on the vertical scale traversed by 
the index carried by the ann d. The correct position is very 
accurately identified by means of two sights, one of them being 
attached to a fixed portion of the instrument, and the other to one 
end I of the lever. One of these sights moves up and down close 
in front of the other, and they are viewed through a lens o in 
front of both. This arrangement is also adopted in the abeolate 
electrometer. 
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One of the two parallel plates h is coimectecl with the inner coat- 
ing oi! a Leyilen jar,' which, being kept diy within hy means of 
pumice p wetted with sulphuric acid, retains a nutEcient charge for 
some weeks. The other plate y is in coiutiiuiiication, by nieaas of 
I wire r, with the insulated umbrella c, which can be con- 
1 with any external conductor; and, in order to determine tlio 




tential of any conductor whiij^i we wish to examine, two observa- 

1 are taken, one of thera giving the difference of potential 

jtween thia conductor and the Leyden Jar, and the other the dif- 

rence between the earth and the jar. We thus obtain, by subtrac- 

I of the Leyilen ju ia ti> give cunnlaticy o! puU^nCiul. Ite capacity ia ao much 
preatsr than that of the disc with which it is connectBd th&t the eleotrioity whicL enters 
ur luaves the latter in consequence at the induDtive actiaa af the other diss h no aentiiblu 
(roatlon oI the whole charge of the jar, and produces no sensible change in its potential, 
ia great capacity in comparison vith the extent of surface e:cpOBed Itkewiae teniia to 

liil Irjiw of pi>tcntial by (liflaipntion nt charge. 
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tion, the difference of potential between the conductor in question 
and the earth. 

644. Quadrant Electrometer. — The most sensitive instrument yet 
invented for the measurement of electrical potential is the quoAiromt 
electrometer, which is represented in front view in Fig. 402, some 
of its principal parts being shown on a larger scale in Figs. 403, 
404. 

In this instrument, the part whose movements give the indica- 
tions is a thin flat piece pf aluminium u, narrow in the middle and 
broader towards the ends, but with all corners rounded off. This 
piece, which is called the needle, and is represented by the dotted 

line in Fig. 403, is inclosed almost 
completely in what may be described 
as a shallow cylindrical box of brass, 
cut into four quadrants, c, cZ, c\ d\ These 
parts are shown in plan in Fig. 403, 
and in front view in Fig. 402. The 
needle u is attached to a stiff platinum 
wire, which is supported by a silk fibre 
hanging vertically. The same wire 
carries a Mnall concave mirror t (Fig. 
402) for reflecting the light from an 
illuminated vertical slit. An image of 
the slit is thus formed at the distance of about a yard, and is received 
upon a paper scale of equal parts, by reference to which the move- 
ments of the image can be measured. The movements of the image 
depend upon the movements of the mirror, which are precisely the 
same as those of the needle. We have now to explain how the 
movements of the needle are produced. 

One pair of opposite quadrants c c are connected with each other, 
and with a stiff wire I projecting above the case of the instrument. 
The other quadrants d d' are in like manner connected with the other 
projecting wire m. The projecting parts Im are called the chief 
electrodes, and are to be connected respectively with the two con- 
ductors whose difference of potential is required, one of which is 
usually the earth. Suppose the needle to have a positive charge of 
its own, then if the potential of c and c' be higher (algebraically) than 
that of d and d', one end of the needle will experience a force urging 
it from c to d, and the other end will experience a force urging it 
from c' to d'. These two forces constitute a couple tending to turn 




Fig. 403.— Needle and Quadrants. 
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E needle about a vertical axis. If the potential of c and c be lower 
than that of d and d', the couple will be in the opposite direction. 
To prevent the needle from deviating too far under the action of 
this eoiiple, and to give it a definite position when there is no elec- 
trical couple acting upon it, a .small light magnet is attached to the 
back of the mirror, and by means of controlling magnets outside the 
case the eartli's magnetism is overpowered, so that, whatever position 
B chosen for the instrument, the needle can be made to assume the 
■oper zero position. In some instruments recently constructed, the 
piagnets are dispensed with, and a bi£iar suspension is substituted , 
for the single silk fibre. The permanent electrification of the needle 
ia attained by connecting it, by means of a descending platinum 
wire, with a quantity of strong sulphuric add, which occupies the 
wer part of the containing glass jar. The acid, teing an excellent 
inductor, serves as tlie inner coating of a Leyden jar, the outside of 
glass opposite to it being coated with tin-foil, and connected with 
the earth. The acid at the same time serves the purpose of keeping 
the interior of the apparatus very dry. The charge is given to the 
iar through the diarging electrode p, which can Iw thrown into or 
Hit of connection at pleasure. As the sensibility of the instrument 
s with the potential of the jar, a gauge and repleiiielier are 
rovided for keeping this potential constant. The gauge ia simply 
an " attracted-disc electrometer," in which the distance between the 
parallel discs is never altered, so that the aluminium square only 

Imes into position when the potential of one of the discs, which is 
nnected with the acid in the jar, differs by a certain definite amount 
jm the potential of the other, which is connected with the earth, 
glance at the gauge shows, at any moment, whether the potential 
the jar has the normal strength. If it has fallen below this point, 
e j'epknisher is employed to increase the charge. 
This apparatus, which is separately represented, dissected, in Fig. 
404, and is for simplicity omitted in Fig. 402, consists of a vertical 
stem of ebonite a, which can be rapidly twirled with the finger by 
neans of a milled head y, and which can'ies two metal wings or 
ieTS, b, b, insulated from each other. In one part of their revolu- 
ion, these come in contact with two light steel springs //, which 
mply serve to connect them for the instant with each other. In 
botber part of their revolution, they come in contact with two 
iher springs e e, coimected respectively with the acid of the jar and 
rith the earth. The fiist of these contact'i takes place just before 
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the wings emerge from the shelter of the larger metallic sectors or 
indtictorB a a, of which one is conneetf d with the acid, and the 
other with the earth. Suppose the acid to have a positive charge. 
Then, at the instant of contact, an 
inductive movement of electricity 
takes place, producing an accumula- 
tion of negative electricity in the 
cajrier which is next the positive 
inductor, and an accumulation of 
positive in the other. The next 
contacts are effected when the car- 
rier which has thua acquired a posi- 
tive charge ia well under cover of 
the positive inductor, to which ac- 
cordingly it gives up its electricity; 
for, being in great part surrounded 
by this inductor, and being con- 
nected with it by the spring, the 
carrier may be regarded as forming a portion of the interior of a 
concave conductor, and the electricity accordingly passes from it to 
the external surface, that is to the inductor, and to the acid con- 
nected with it, which forms the lining of the jar. The negative elec- 
tricity on the other carrier is, in like manner, given off to the other 
inductor, and so to the earth. 

The jar thus receives an addition to its charge once in every half- 
revolution of the replenisher; and, as these increments are very small, 
it is easy to regulate the charge so that the gauge shall indicate 
exactly the normal potential. If the charge is too strong, it can be 
diminished by turning the replenisher in the reverse directi<Hi. 

645. Cage-electrometer. — In another form of electrometer, which 
has some advantages of its own, though now but little used, the ob- 
servation for difference of potential consists in applying torsion to a 
glass fibre until the needle (a straight piece of aluminium wire) which 
it carries, is forced, against electrical repulsion, to assume a definite 
position marked by sights. The repulsion, which acts upon the two 
ends of the needle so as to produce a couple, is exerted by two vot- 
tical brass plates, which are connected with the needle by means of 
fine platinum wires dipping in sulphuric acid at the bottom of a 
Leyden jar. The needle and the plates which repel it are thus at 
the potential of the jar. The repulsion between them is modified by 
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the influence of a cage of brass wire, which surrounds them, and 
which is connected with the conductor whose potential is to be ex- 
amined. If this conductor has the same potential as the jar, there 
is no repulsion. If its potential differs either way from ihat of the 
jar, the couple of repulsion is proportional to the square of this differ- 
ence of potential.^ The difference of potential is therefore obtained 
by taking the square root of the number of degrees of torsion of the 
fibre. 

^ In a given position of the needle, the quantities of electric'ty upon it and upon the 
plates which repel it are both proportional to this difference of potentials, and the distribu- 
tion is invariable. Hence (§ 570) the force of repulsion is proportional to the product of 
the two quantities, that is to the square of either of them. 
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646. Resemblance of Lightning to the Electric Spark. — The resem- 
blance of the effects of lightning to those of the electric spark struck 
the minds of many of the early electricians. Lightning, in fact, 
ruptures and scatters non-conducting substances, inflaming those 
which are combustible; heats, reddens, melts, and volatilizes metals; 
and gives shocks, more or less severe, and frequently fatal, to men 
and animals; all of these being precisely the effects of the electric 
spark with merely a difference of intensity. We may add that 
lightning leaves behind it a characteristic odour precisely similar to 
that which is observed near an electrical machine when it is working, 
and which we now know to be due to the presence of ozone. More- 
over, the form of the spark, its brilliancy, and the detonation which 
attends it, all remind one forcibly of lightning. 

To Franklin, however, belongs the credit of putting the identity 
of the two phenomena beyond all question, and proving experimen- 
tally that the clouds in a thunder-storm are charged with electricity. 
This he did by sending up a kite, armed with an iron point with 
which the hempen string of the kite was connected. To the lower 
end of the string a key was fastened, and to this again was attached 
a silk ribbon intended to insulate the kite and string from the hand 
of the person holding it. Having sent up the kite on the approach 
of a storm, he waited in vain for some time even after a heavy 
cloud had passed directly over the kite. At length the fibres of the 
string began to bristle, and he was able to draw a strong spark by 
presenting his knuckle to the key. A shower now fell, and, by 
wetting the string, improved its conducting power, the silk ribbon 
being still kept dry by standing under a shed. Sparks in rapid 
succession were drawn from the key, a Leyden jar was charged by 
it, and a shock given. 
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Shortly before thia occurrence, Dalibard, acting upon a published 
suggestion of Franklin, had erected a pointed iron rod on the top oE 
a house near Paris, The rod was insulated from the earth, and could 
be connected with various electrical apparatus. A thunder-storm 
having occurred, a great number of sparks, some of them of great 
power, were drawn from the lower end of the rod. 

These experiments were repeated in various places, and Richmann 
Lof St. Petersburg, while conducting an in- 

itigation with an apparatus somewhat 

lembling that of Dalibard, received a 
Bpark which killed him on the spot. 

647. Electric Chimes. — Franklin devised 
&D apparatus for giving warning when the 

ulated rod is charged with electricity. 
[t consists (Fig. 405) of a metal bar, carry- 
ing three belia with two clappers between 
them. The two extreme bells are hung 
from the bar by metallic chains. The 
middle one is hung by a silk thread, and 
connected with the ground. The clappers 

are also hung by silk threads. When the bar is electrified, the dap- 
j)ers are first attracted by the two extreme belts, and then repelled 
rjo the middle bell, through which they discharge themselves, to be 

.in attracted and repelled, thus keeping up a continual ringing 
as the bar remains electrified. 

648. Duration of Lightning. — It appears that thunder-clouds must 
be regarded as charged masses of considerable conducting power. 
The discharges which produce lightning and thunder 
occur sometimes between two clouds, and sometimta 
between a cloud and the earth. The duration of tin: 
illumination produced by lightning is certainly less 
than the ten-thousandth of a second. This has been 
established by observing a rapidly rotating disc 
(Fig. 406) divided into sectors alternately black and DojaHoD ot fuiIi 
white. If viewed by daylight, the disc appears of a 

uniform gray; and if lightning, occurring in the dark, renders the 
separate sectors visible, the duration of its light must be less than 
the time of revolving through the breadth of one sector. The experi- 
ment has been tried with a disc divided into 60 sectors, and making 
180 revolutions per second, so that the time of turning through the 





W4 i.TJi.?S.«:inj- ELL TUTTT 

lf{A^ VWSVJij*?'- 17 'JC*t M9!S»'X it IT- of y*T ^ * S*t3&aDi 12AZ i&, ttHt- 

Wi>^ Ui^ OiK iixix^bT "v-nl V 2*' TtJiizriT u rezkdsRO xiafale by 
^tjgtrtin'r^g tiiA^ '>jwff-r«-r w»«:fc n^Ex ftzid vLn^ freAGR vixh gxmjr onai 
l#^«'%iea« Ui4six« 1 'jr T^ iu2kCi: uii irLii^ !<erfMc^ v: re seen shiuipljr 
ddbubd, w^MV'JX iirweniiftiitat zrfcj h -r:*...'! ':»t Zii^K^ssaiy thmt the 

Wr9. ntv&dfS'. — TLuiii*;? frb:"a«Lt:T ?:'n*d>i=" of a nixmber of le- 
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riperiiL!-:.! if iLt ^IAIi^■J€d mbe, § 594) 
uisf^hargtr 'Xcui^ Et several pilaees at onoe. 
TLt: rep-i/ris of these expla&ii»is will be 
LrArd in iLr ordrr of their distance from 
the obser\'rr. If, for example, the lines 
of discharge form the zig-zag M N (Fig. 
407 ,», an observer at O will hear first the 
explosion at a. then a little later, the five 
J explosions at m, n, r, 8, t\ he will ccmse- 

f\^ tfy -ftpftTTt^'ffiT f ' I'V^**^^ quently obser\'e an increase of londness. 

When any considerable portion of the 
path of diflcharge is at a uniform distance from the observer, the aim- 
ultaneoua arrival of the disturbances propagated from all this por- 
tion will produce a specially loud burst of sound. 

660. Shock by Influence. — Persons near whom a flash of lightning 
paases, frequently experience a severe shock by induction. This is 
analogous to the phenomenon, first observed by Galvani, that a 
skinned frog in the neighbourhood of an electrical machine, although 
dead, exhibits convulsive movements every time a spark is drawn 
from the conductor. In like manner, if Volta's pistol (§ 597) be 
placed on the wooden supports of an electrical machine, and its knob 
be connected with the ground by a chain, on drawing a spark from 
the machine, another spark will pass in the interior of the pistol, and 
fire it off. 

651. Lightning-conductors. — Experience having shown that electri- 
city travels in preference through the best conductors, it is easy to 
understand that, if a building be fitted with metallic rods termin- 
ating in the earth, lightning will travel through these instead of 
striking the building. But further, if these rods terminate above in a 
point, they may exercise a preventive influence by enabling the earth 
and clouds to exchange their opposite electricities in a gradual way, 
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Pjust as the conductor of a machiiiQ is pi-eveuted from giving power- 
ful sparka by presenting to it a sharp point connected with the earth. 
While the electrical machine is working powerfully, and the quad- 
rant electroscope shows a strong charge, let a pointed metallic rod be 
presented, as in Fig. 408; the pith-ball will immediately fall hack to 
the vertical position, and it will be found impossible to draw a spark 
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^^^KTom any pai't of the conductor. If the experiment is performed in 

^^^pihe dark, the point will be seen to be tipped with light; and a similar 

^^™ appearance is sometimes observed on the tops of hghtning-rods and 

of ships' masts. In the latter position it is known to sailors as St. 

El/mo' a jire. 

662. Constiuction of Lightning-conductors. — A badly constructed 
lightning-conductor may be a source of danger, instead of a protection. 
The following conditions should always be complied with:^ — 
^^H 1. The connection with tlie ground should be continuous. 
^^^K 2. The conductor must be everywhere of so large a section that it 
^^^rwill not be melted by lightning passing through it. The French 
^^H^cademy of Sciences recommend that the section for iron rods should 
^^^Rk nowhere less than 2'25 centimetreB, or ^ of an inch. 
^^^P 3, The earth contact must be good. The conductor may be con- 
[!^^^ nected at its base with the iron pipes which supply the neighbour- 
hood with water or gas ; or it may terminate in the water of a well 
or pond. Failing these, it should be provided with branches travera- 
■ ing the soil in different directions and surrounded by coke, which is 
I a good conductor. 

4, At no part of its course above ground should it come near ti> 
e metal pipes which supply the house with water or jras, nor to any 
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laige masBCB of metal in the house. All lai^ masses o£ metal on the 
ODtaide of the house, snch as lead roofing, should be well connected 
with the conductor. 

5. The extreme point should be sharp. A 
former commission of the Academy reoom- 
mended a platinom point, which should be con- 
nected with the iron by welding. But as this 
construction is both difficult and expensive, 
later directions have been issued Fecommending 
a gilded copper cone, screwed on to the iron, as 
shown in Fig. 410, which is half the actual size. 
This form of termination is better than a needle 
point, because less liable to fusion. 

The genemi arrangement is represented in 
fig. 409. The rod has a diameter of 2 or 3 
inches at its base, and gradually tapers upwards 
to the place where the point is screwed on. The 
descending portion b is connected with the base 
of this rod by the broad band W. 

653. Ordinary Electricity of the Atmosphero; 
— The presence of elec- 
tricity in the upper re- 
gions of the tdr is not con- 
fined to thunder - clouds, 
but can be detected at all 
times. In fine weather 
this electricity is almost 
invariably positive, but in 
showery or stormy weather 
negative electricity is as 
frequently met with as 
positive; and it is in such 
weather that tho indica- 
tions of electricity, whe- 
ther positive or negative, 
are usually the strongest. 

654. Methods of obtain- 
ing Indications. — One of the early methods of observing atmospheric 
electricity consisted in shooting up an arrow, attached to a conduct- 
ing thread, having at its lower end a ring, which was laid upon U» 
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gold leaf electroscope. As the arrow ascends higher, the 
leaves diverge more and more with electricity of the same sign as 
that overhead; and they remain divergent after the ring has been 
lifted oft' by the moveiceut of the arrow. 

Sometimes, iastead of the arrow, a point on 
the top of the electroscope is employed to collect 
electricity from tlie air, as in Fig. 411. Both 
these methods ai'e very uncertain in their action. 

A bL'tter method of collecting electricity 
from the air was long ago devised by Voita, 
who employed for this purpose a burning,' 
match attached to the top of a rod connected 
with the gold-leaves or straws of his electro- 
If there is positive electricity ovev- 

Ld, its influence causes negative electricity 

collect at the upper end of the rod, whence 
it passes oft' by convection in the products of 
combustion of the match. leaving the whole 
conducting system positively electrified. In 
like manner, it' the electricity overhead lie \ 
negative, the system will be left negatively 
electrified. 

Another method which, in the hands of Pel- 
tierj Quetelet, and Dellmann, has yielded good results, consists i 
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II elevated position such as the top of a house, a 
conducting bail supported on an insulating stand, 
and, while exposed, connecting it with the earth; 
then insulating it, and examining the charge 
wliicli it has actjuired. This charge, being ac- 
quired from the earth 
by the inductive action 
of the electricity over- 
head, is opposite in sign 
to the inducing elec- 
. tricity. 

Another method, 
which in principle re- 
sembles that of Volta, 
nt is speedier in its action, has been introduced by Sir W, Thomson. 
i consists in allowing a tine stream of water to flow, from an in- 
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sulated metallic vessel, through a pipe, which projects through an 
open window or other aperture in the wall of a house, so that the 
nozzle from which the water flows is in the open air. The apparatus 
for this purpose, called the water-dropping collector, is represented 
in Fig. 412. a is a copper can, containing water, which can be dis- 
charged through the brass pipe b by turning a tap. The mode of 
insulation is worthy of notice. The can is supported on a glass stem 
c, which is surrounded, without contact, by a ring or rings of pumice 
d d, moistened with sulphuric acid. These are protected by an outer 
case of brass e e, having a hole in its top rather larger than the glass 
stem, the brass being separated from the moist pumice by an inner 
case of gutta percha. The acid needs renewal about once in two 
months. 

In severe frost, burning matches can be used instead of water, 
and are found to give identical indications. Whether water or 
match be used, the principle of action^ is that, as long as any diflTer- 
ence of potential exists between the insulated conductor and the point 
of the air where the issuing stream (whether of water or smoke) 
ceases to be one continuous conductor, and begins to be a non-con- 
ductor or a succession of detached drops, so long will each drop or 
portion that detaches itself carry off either positive or negative electri- 
city, and thus diminish the difference of potential. The time required 
to reduce the system to the potential which exists at the point above 
specified, is practically about half a minute with the water-jet, and 
from half a minute to a minute or more, according to the strength of 
the wind, with a match. 

The water -dropper is the most convenient collecting apparatus 
when the observations are taken always in the same place. For 

^ The following quotation from an article by Sir W. Thomson puts the matter very 
clearly : — " If, now, we conceive an elevated conductor, first belonging to the earth, to be- 
come insulated, and to be made to throw off, and to continue throwing off, portions from 
an exposed part of its surface, this part of its surface will quickly be reduced to a state of 
no electrification, and the whole conductor will be brought to such a potential as will allow 
it to remain in electrical equilibrium in the air, with that portion of its surface neutral. 
In other words, the potential throughout the insulated conductor is brought to be the same 
as that of the particular equi-potential surface in the air, which passes through the point 
of it from which matter breaks away. A flame, or the heated gas passing from a burning 
match, does precisely this : the flame itself, or the highly heated gas close to the match, 
being a conductor which is constantly extending out, and gradually becoming a non-con- 
ductor. The drops [into which the jet from the water-dropper breaks] produce the same 
effects, with more pointed decision, and with more of d3aiamical energy to remove the re- 
jected matter, with the electricity which it carries, from the neighbourhood of the fixed 
conductor." — NichoVt Cydopcedia, second edition, art. " Electricity, Atmospheric." 
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irtable service. Sir Wm. Thomson employs blotting-paper, steeped 
in solution of nitrate of lead, dried, and rolled into matches. The 
portable electrometer carries a light brass rod or wire projecting 
upward'!, to the top of which the matches can be fixed. 

655. Interpretation of Indications. — We have seen that the col- 
ing apparatus, whether armed with water-jet or burning matcli, 

merely an arrangement for reducing an insulated conductor to the 
potential which exists at a particular point in the air. An electro- 
meter will then show us the difierence between this potential and 
that of any other given conductor, for example the earth. The earth 
offers so little resistance to the pa.ssage of electricity, that any tem- 
porary djiference of potential which may exist between different 
parts of its surface, must be very shght in comparison with the dif- 
ferences of potential which exist between different points in the non- 
coiidncting atmosphere above it. As there is no possible method of 
determining absolute potential, since all electric phenomena would 
remain unchanged by an equal addition to the potentials of all points, 
it is convenient to assume, as the zero of potential, that of the most 
constant body to which we have access, namely the earth; and under 
the name earth we include trees, buildings, animals, and all other 
conductors in electrical communication with the soil. 

Now we find that, as we proceed further from the earth's surface, 
whether upwards from a level part of it, or horizontally from a verti- 
cal part of it, such as an outer wall cf a house, the potential of points 
in the air becomes more and more different from that of the earth, 
difference being, in a broad sense, simply proportional to the dis- 
ce. Hence we can infer' that there is electricity residing on the 
face of the earth, the density of this electricity, at any moment, 
the locality of observation, being measured by the difference 
potential wbicJi we find to exist between the earth and a given 

dnt in the au- near it. Observations of so-called atmospheric elec- 

icity^ made in the manner we have described, are in fact simply 

' Bj % B09, if p denote the quftntity at eleotrioity per nnit areft on an even part o{ the 
«&rth'B aurfacc. the force In tho neighbouring aic is ir p. This muat be equal to the 
ohangB of potential in going nnit distance (§ 002), If potential inoreaaes poaitiTcly, f i* 

' No good eleotricaJ obserrntions have jet baen made in balloons, and very little la 
knowD regarding the dietributinn nf electricity at liifferGnt heights in the air. A method 
of gmipng thia diatributloa by balloon obmrvationa i» auggeated by the principlei of g 607, 
which ihow that, when the linea of force are vertical, and the tubes of force conaeqaently 
cylindrical, the diSerence of electrical force at different height! la proportioi 
Kifiiantitj of electricity whioh liea between tht-m. 
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determinations of the quantity of electricity residing on the earth's 
surface at the place of observation. The results of observations so 
made are however amply sufficient to show that electricity residing 
in the atmosphere is really the main cause of the variations observed. 
A charged cloud or body of air induces electricity of the opposite 
kind to its own on the parts of the earth's surface over which it 
passes; and the variations which we find to occur in the electrical 
density at the parts of the surface where we observe, are so rapid and 
considerable, that no other cause but this seems at all adequate to 
account for them. We may therefore safely assume that the diflTer- 
ence of potential which we find, in increasing our distance from the 
earth, is mainly due to electricity induced on the surface of the earth 
by opposite electricity in the air overhead. 

As electrical density is greater on projecting parts of a surface than 
on those which are plane or concave, we shall obtain stronger indica- 
tions on hills than in valleys, if our collecting apparatus be at the 
same distance from the ground in both cases. Under a tree, or in 
any position excluded from view of the sky, we shall obtain little or 
no effect. 

656. Results of Observation. — The only regular series of observa- 
tions taken with Sir Wm. Thomson's instruments which have yet 
been published,^ consist of two years' continuous observations with self- 
recording apparatus at Kew Observatory, and two years' observations, 
at three stated times daily, and at other irregular times, at Windsor in 
Nova Scotia (lat. 45** N.). The electrometer used at Kew was an earlier 
form of the quadrant electrometer already described; and the auto- 
graphic registration was effected by throwing the image of a bright 
point (a small hole with a lamp behind it) upon a sheet of photo- 
graphic paper drawn upwards by clock-work, whereas the movements 
of the image, formed by means of the mirror attached to the needle, 
were horizontal. The curves thus obtained give very accurate infor- 
mation respecting the potential of the air at the point of observation, 
when of moderate strength; but fail to record it when of excessive 
strength, as the image on these occasions passed out of range. The 
Windsor observations were taken with the cage-electrometer, of 
which two forms were employed, one being much more sensitive than 

^ The observations at Windsor, N.S., and at Kew, are described in three papers by the 
editor of this work, Proc, R, S,, June 1863, January 1865, and Trans. JL S.^ December 
1867. Dellmann*s observations at Kreuznach, which were taken with apparatus devised 
by himself, are described in PhU, Mag. June 1858. Quetelet's observations (taken with 
Peltier's apparatus) are described in his volimie Sur le Climat de la Belgique (Brussels, 1849). 
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tlie other. The more sensitive form was usually employed. When 
the potential became inconveniently strong, the first step was to 
shorten the dischai^ng pipe by screwing off some of its joints. This 
reduced the strength of potential in afcout the ratio of 3 : 1 ; but even 
this reduction was often not enough for the more sensitive instru- 
ment, and on such occasions the other (which was intended as a port- 
able electrometer) was employed instead. As the ratio of the indica- 
tions of the two instruments was known, a complete comparison of 
potentials in all weathers was thus obtained. The results are as 
follows: 

Employing a unit in terms of which the average fine-weather 
potential for the year was +4, the potential was seldom so weak as 
1, though on rare occasions it was for a few minutes as low as O^l. 
In wet weather, especially with sudden heavy showers, the potential 
was often as strong as +20 to +30, and it was fully as strong 
during hail. With snow, the average strength was about the same 
as with heavy rain, but it was less variable, and the sign was almost 
always positive. Occasionally, with high wind accompanying snow, 
during very severe frost, it was from +80 to + 100, or even higher. 
With fog, it was always positive, averaging about +10. In thunder- 
storms it frequently exceeded jl^lOO, and on a few occasions ex- 
ceeded — 200. There was usually a great predominance of negative 
potential in thunder-storms. Change of sign was a frequent accom- 
paniment of a flash of lightning or a sudden downpour of rain. At 
all times, there was a remarkable absence of steadiness as compared 
with most meteorological phenomena, wind-pressure being the only 
element whose fluctuations are at all comparable, in magnitude and 
suddenness, with those of electrical potential Even in fine weather, 
its variations during two or three minutes usually amount to as much 
as 20 per cent. In changeable and stormy weather they are much 
greater; and on some rare occasions it changes so much from second 
to second that, notwithstanding the mitigating effect of the collecting 
process, which eases off all sudden changes, the needle of the electro- 
meter is kept in a continual state of agitation, 

657. Annual and Diurnal Variations. — Observations eveiywhere' 
concur in showing that the average strength of potential is greater in 
winter than in summer; but the months of maxima and minima 
appear to differ considerably at different places, The chief maximum 

' The reniBiTki in this aectian eipreds the reaulte of abservBtioii at places all of which 
V in tlie nurth temperate zone. 
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occurs in one of the winter months, varying at different places from 
the beginning to the end of winter; and the chief minimum occurs 
everywhere in May or June. Both Kew and Windsor show dis- 
tinctly two maxima in the year, but Brussels, and apparently 
Kreuznach, show only one. The ratio of the highest monthly aver- 
age to the lowest is at Kew about 2*5, at Windsor 1*9, and at 
Kreuznach 2*0. 

The Kew observations, being continuous, are specially adapted to 
throw light on the subject of diurnal variation. They distinctly in- 
dicate for each month two maxima, which in July occur at about 
8 A.M. and 10 P.M., in January about 10 A.M. and 7 P.M., and in 
spring and autumn about 9 and 9. The result of the Brussels obser- 
vations is about the same. 

668. Causes of Atmospheric Electricity. — Various conjectures have 
been hazarded regarding the sources of atmospheric electricity; but 
little or no certain knowledge has yet been obtained on this sub- 
ject. Evaporation has been put forward as a cause, but, as far as 
laboratory experiments show, whenever electricity has been gener- 
ated in connection with evaporation, the real source has been fric- 
tion, as in Armstrong's hydro-electric machine. The chemical 
processes involved in vegetation have also been adduced as causes, 
but without any sufficient evidence. It is perhaps not too much 
to say that the only natural agent which we know to be capable 
of electrifying the air is the friction of solid and liquid particles 
against the earth and against each other by wind. The exces- 
sively strong indications of electricity observed during snow accom- 
panied by high wind, favour the idea that this may be an im- 
portant source. 

Without knowing the origin of atmospheric electricity, we may, 
however, give some explanation of the electrical phenomena which 
occur, both in showers and in thunder-storms. Very dry air is an 
excellent non-conductor; very moist air has, on the other hand, con- 
siderable conducting power. When condensation takes place at 
several centres, a number of masses of non-conducting matter are 
transformed into conductors, and the electricity which was dif- 
fused through their substance passes to their surfaces. These 
separate conductors influence one another. If one of them is torn 
asunder while under influence, its two portions may be oppositely 
charged; and if rain falls from the under surface of a cloud whidi 
is under the influence of electricity above it, the rain which 
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Lord Rayleigh has found that drops of water which are slightly 
electrified have a tendency to coalesce, whereas unelectrified drops 
lually rebound after collision.' It is probahle that electricity may 
this way give rise to showers. 

The coalescence of small drops to form large ones, though it in- 
creases the electrical density on the surfaces of the drops, does not 
increase the total quantity of electricity, and therefore (§ (311) cannot 
directly influence the observed potential. 

Thunder-storms and other powerful manifestations of atmospheric 
electricity seem to be accompaniments of very sudden and complete 
condensation which gives unusu- 
ally free scope to the causes of , 
irregular distribution just indi- j 
cated. ! 

Hail. — Hail has some- j 
les been ascribed to an electrical 
in, and a singular theory was 
levised by Volta to account for 
le supposed fact that hailstones 
sustained in the air. He 
lagioed that two layers of cloud, 
above the other, charged with 
iposite electricities, kept the hail- 
mea continually moving up ami 
n by alternate attraction and 
lulsion. An experiment called 
elect-ric kail is sometimes employed j" 
to illustrate this idea. Two metal- 
plates are employed (Fig. 413), 
lower one connected with 
earth, and the upper one with the conductor of the electrical 
machine; and pith-balls are placed between them. As the machine 
is turned, the balls fly rapidly backwards and forwards from one 
plate to the other. 




I' The observntioti was mmle upon jets discharged from a. linzzle directed npnards. a 
UP found thut oanneotiiig the diBchargiiig vessel with one pole of a Hingle Grove'n c 
le other pole being to enrth) was aniKcient to {irodiioe ooaiesuonce ot the drops, Prac, 
hcUtg, Feh. 37, 1R7H. 
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650, WaterapoutB, — Waterspouta, being often accompanied by 
strong manifestations of electricity, have been ascribed by Peltier 
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and others to tui electrical origin; but the account of them given i 
the subjoined note appears more probable.' 



' " Oh acoomit ot tlie eeiitrifugal force mi 
of a tornado, it mimt frequently be nearly a 
Ik building, tbe extenul preBaure, in a grt 
utmospbero within, not lieing Me to eeoap 
ti perluipe neariy tifteen paundB to the sq 



ing from tlie rapid gyrations near the centre 
lacuuiu. Hence when a. ttiruiido paeees over 
it measure, ia auddenlj lemoved, whsn tin 
at onus, exertB a presaure upon the mterior, 
inch, which cauaaa the part* lo be thrown in 



everj direction to a great distance. For tbe aaone reaaun, also, the corks flj from 
bnttlea, iknd sverjthing with ur confined within explodesp When a tornado happeud at 
sea, it generally producea a wateixpout. This ia generally first formed abuve, in the fono 
of a aloud shaped like a funnel or inverted cone. Aa there ia less resiBtanoe to the motioiu 
in the upper strata than near the eaith'B aurfaco, the rapid gyratory motion commenoec 
there first. . . . This draws down tbe strata of cold air above, whioh, coming in oontact 
with the warm and moiet atmosphere aecending in the middle of the toinado, condengSB the 
vapour and forms the fnnnel-ahaped cloud. Aa the gyratory motion becomea mors violent, 
it gradually DTercomea the resiatancea nearer the surface of the sea, and the Tertex of the 
Eunnel-ahapcd oloud gradually descends lower, and the imperfect vacuum of the centre td 
the tornado reachea the sea, up which the water baa a tendenoy to aecend to a Certfun hef^t, 
and thence tbe rapidly ascending spiral motion of tbe atmoaphere carries the spray upwMd, 
until it joins the cloud above, when the waterspout ia complete. The appec part oi a 
waterspout ia frequently formed in tornadoes on land When tornadoes happen on aandy 
pluns, iTistead of wateispoutB they produce the moving pillorii of Band whioh are often aean 
on undy deaerta." — W. Ferrel, in Matheinatical MoathLy. 
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661. Ula^netB, Natural and Artificial. — Natural magnets, ot hde- 
f stones, are exceedingly rare, although a closely allied ore of iron, 

capable of being strongly acted on by magnetic forces, and hence 
called magjietic iron-ore, is found in large quantity in Sweden and 
elsewhere. Artificial magnets are usually pieces of steel, which have 
been permanently endowed with magnetism by methods which we 
shall hereafter describe. Magnets are chiefly characterized by the 
property of attracting iron, and by the tendency to aasume a parti- 
cular orientation when freely suspended. 

662, PBroB Greatest at the Ends. — The property of attracting iron 
mis very unequally manifested at diflferent points of the surface of a 

If, for example, an ordinary bai--magnet be plunged in 
iron-filings, these cling in large 
quantity to the terminal portions, 
and leave the middle bare, as in 
the lower diagram of Fig. 415. If 
the magnet is very thick, in pro- 
portion to its length, we may have 
tilings adhering to all parts of it, 
but the quantity diminishes rapidly 
towards the middle. Then&mepolfs 
is used, in a somewhat loose sense, to denote the two terminal por- 
tions of a magnet, or to denote two points, not very a<!curately defined, 
situated in these portions. The middle portion, to which the filings 
refuse to adhere, is called neutral. 

668. Lines Formed by Filings.— If a sheet of card is laid horizon- 
tally upon a magnet, and wrought-irou tilings are sifted over it, these 
_ffill, with the assistance of a few taps given to the card, arrange 
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space around it.' lliey cluster very closely about the two poles ppM 
and thu» indicate the places where the force is most intense. 

664. Curve of Intensities. — Some idea may be obtained of the rela-l 
tive intensities of m^petic force at different points in the length of ■ 
a magnet, by measuring the weights of iron which can be supported I 
at them. &fuch better determinations can be obtained either by theT 
u»e of the toTHion-balance, or by counting the number of TihTational 
made by a small magnetized needle when eu5pended opposite different! 
part* ul' the bar, the bar being in a vertical position, and the vibra--! 
tions of the needle being horizontal. The intensity of the force is I 
nearly e« the square of the number of vibrations; on the same priu-# 
cijjle that tbfi force of gravity at different places is proportional to tba I 
wquare of the number of vibrations of a pendulum (§ 120). Both thesel 
methods of determination were employed by Coulomb, who was tliA'V 
lirst to make magnetism an accurate science; and the results which 
he obtained are represented by the curve of intensities AMB (Fig. 
417). M iH the middle of the bar, one end of it, and the ordinatea 

' TL» UiiBi /onnud by the filingH moy be called the lines of ^ectht force far 
only fn* to \novt in the plant of the card. The Uaea of total force cat the cord u 
i»i)[l«, nnd «ru at lonia plucss perpeiidieuliLr to it, osabown by the filings stkadiiig on ai 
lrr,r (hii dBUllltluli o( llnel of uiiunietic forca, ■« £ 07% 
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J (that is, the distances of its points from the line X) 
e intensities of force at the ditferent points in its length. 
The curve was constructed from observations of the force at several 
points in the length; but in 
dealing with the observa- 
tion made opposite the very 
end, the force actually ob- 
served waa multiplied by 2, 
Perfect symmetry was found - 
between the intensities over 
the two halves of the length. 
In the figure we have in- kb. 4it. -curve or nueiiiities. 

verted the curve for one- 
half, in order to indicate an opposition of properties, which we shall 
shortly have to describe. The curves of intensities for two magneta 
of different sizes but of the same form are usually similar. 

665. Magnetic Needle. — Any magnet freely suspended near its 
centre is usually called a Tnagnetio 
needle, or more properly a mayiu- 
Heed needle. One of its most usual 
forms is that of a very elongated 
Thombus of thin steel, having, very 
near its centre, a concavity or cup 
by means of which it can be bal- 
anced on a point. When it is thus 

lanced horizontally, it does not, 
Hike a piece of ordinary matter, re- 
equilibrium in all azi- 
muths,' but assumes one particular 
direction, to wliich it always comes 
back after displacement. In this 
ition of stable equilibrium, one 

its ends points to magnetic north, ng. 4iii.-ii[iKiiotJie.i KeeJia 

and the other to magnetic south, 
which difl'er in general by several degrees from geographical (or 
true) north and south. This is the principle on which compasses are 
constructed. 



n 

n 

b 
^^ anc 

^^* tnai 
mu 
dirt 

^H bac 

^■efii 



^ 



> Ail lines in the gam 


e vertical plane &re aaid 


anelea >re uigleB betwee 


n vertical planea, or betw 


Una wh«i iUte4 numeric 


aUy.istheuiKlewliiehlh 



jtvcrttc-a] plftna uf refnmet 




Fig. 419.— Declliuitlon. 
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666. Declination. — The differeace between magnetic and true north, 
or the angle between the magnetic meridian and the geographical 
meridian, ia called mag-netic declination} It 
ia very different at different places, and at 
a given place undergoes a gradual change 
from year to year, besides smaller clianges, 
, backwards and forwards, which are continu- 
ally taking place. At Greenwich, at the pre- 
sent time, ita value is about 19° W., that ia, 
magnetic north is west of true north by this 
amount. 

667. luollnation or Dip. — If, before mag- 
netizing a needle, we mount it on an axis 
pagsing through its centre of gravity, and support the ends of the 
axis, as in Fig, 420, by a thread without torsion, the needle will 
remain in equilibrium in any 
position in which it may be 
placed. If it be then magnetized, 
it will no longer be indifferent, 
but will place itself in a particular 
vertical plane called the mag- 
netic meridian, and will take a 
particular direction in this plane. 
This direction is not horizontal, 
but inclined, generally at a con- 
siderable angle, to the horizon; 
and this angle is called dip or i/n- 
cUnation. Ita value at Green- 
wich is about 67i°, the end which 
[lointa to the north pointing at 
the same time downwards. In the 
northern hemisphere generally, it 
is the north end of the needle 
wliicii •.iLpa, jtini m tlic southern hemisphere it is the end which 
points south. 

readera may be glad to be reminded thoA by Ihe pliuie of the meridian ia meant » Teiticfe] 
plime pBBsing tbtough the place of obBervstion, uid through or parallel to the earth's 
axia. A horizontal line In thia plane is a mEiidian line. The maynttie meridian ia the 
vertical plane In which a magnetized needle, when freetj auspended, tends to place itself. 
' The nautical name for magnetic declination ia variixiion; but it ia moat inconvenient 
and confusing to denote the elemen.t itself by the same name as the variations uf the element. 
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It follows that, if a magnetized needle is to be balan(;ed in a hori- 
zontal position, the point or axis of support muat not he in the same 
vertical with the centre of gravity, but must be between the centre 
of gravity and the end which tends to dip. Needles thus balanced, 
as in the ordinary mariner's compass, are called deolinafion needles. 

668. Mutual Action of Poles. — On presenting one end of a magnet 
to one end of a needle thus balanced, we obtain either repulsion or 
attraction, according as the pole which is presented is similar or dis- 
similar to that to which it is presented. Poles of contjury name 
attract each other; poles oj the same TMme repel each other. 

This property furnishes the means of distinguishing a body which 
is merely magnetic (that is, capable o£ temporary magnetization) from 
a permanent magnet. The foirmer, a piece of soft iron for example, 
is always attracted by either pole of a magnet; while a body which 
has received permanent magnetization lias, in ordinary cases, two 
poles, of which one is attracted where the other is repelled. Mag- 
netic attractions and repulsions are exerted without modification 
through any body which may be interposed, provided it be not 
magnetic. 

669. Hamea of Poles, — The phenomena of declination and inclina- 
tion above described, evidently require us to regard the earth, iu a 
broad sense, aa a magnet, having one pole in the northern and the 
other in the southern hemisphere. Now since poles which attract 

another are dissimilar, it follows that the magnetic pole of the 

h which is situated in the northern hemisphere is di'Hsimilar to 

lat end of a magnetized needle which points to the north. Hence 

lat confusion of nomenclature lias arisen, the usage of souie of the 

it writers being opposite to that which generally prevails. We 

sliall call that end or pole of a needle which seeks the north, tlie 

-norih-sefkinr) end or pole, and the other the aoutli-seeking end or pole. 

Sir Wm. Thomson calls the north-seeking pole the south pole, and 

the other the north pole, becanse the former is similar to the south, 

and the latter to the north pole of the earth. In like manner most 

French writers call the north-seeking pole of a needle the aiustifil, 

and the other the boreal pole. Popular usage in this country calls 

the north-seeking end the iiorth, and the other the south pole, a 

imenclature which introduces great confusion whenever we have 

reason respecting the earth regarded as a magnet. Faraday, to 

ivoid the ambiguity which has attached itself to the names north 

id south pole, calls the north-seeking end the marked, and the other 
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thft u(ait/irk*A p'ji*-. Airj\ f-:r a iirni-ar r^r^-^n. >rriipIvT». in his recent 
TreatUe on i/'iffufti^in, th^ 'iiatinctir* Kanirs ivd and 6/u« to denote 
r»d!pfcctiv«ly tlie iionh-*<5r:kir.^ and sonth-sei-Iking ends, these names, 
an well as thfAt ftrnployed by Fara.iay, l^inj pur^lv conventional, 
and founded on the cix'^t-vm of marking the north-seeking end of a 
magnet with a tran.^ver>e notch or a ^pot of r^l paint. Maxwell and 
Jenkin, in a report to the Britkh Aj^/ciatioo.* call the south-seeking 
pole of a needle jxmitl'x, and the north-<«ekins pole ntgatiiv. 
670. Klfpietic Indoction. — A\1ien a piece of iron U in contact with 
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a magnet, or even when a magDet i.^ simply broi^ht near it, it becomcB 
itself, for the time, a magnet, «-ith two poles and a neutral portioa 
between them. If we scatter filings over the iron, they will adhere 
to i\» &^Af^, as shown in Fig. 4'21. If we take away the influencing 
magnet, the filings will fall off, and the iron will retain either no 
traces at all or only verj' faint ones of its magnetization. If w^e apply 
Himilar treatment to a piece of steel, we obtain a result similar in 
some respects, but with very important differences in d^ree. The 
steel, while under the influence of the ma^et, exhibits much weaker 
effects than the iron; it is much more difficult to magnetize than iron, 
and does not admit of being so powerfully magnetized; but, on the 
other hand, it retains its magnetization after the influencing magnet 
has been withdrawn. This property of retaining magnetism when 
once imparted has been (somewhat awkwardly) named coercive fortx. 
Steel, especially when very hard, possesses great coercive force; iron, 
i!M[«!cially when very pure and soft, scarcely any. 

In magnetization by influence, which is also called "nuigneUo 

■l/tuhidion, it will be found, on examination, that the pole which is 

next the inducing pole is of contrary name to it; and it is on account 

of the mutual attraction of dissimilar poles that the iron is attracted 

■ S^ort tif EltclriaU StandardM ConunilUe, Appendix C. ISOa. 
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F'by the maguet. The iron can, in its turn, support a second piece of 
iron; this again can support a third, and so on through many steps. 
A magnetic chain can thus 
be formed, each of the com- 
ponent piecea having two 
poles. An action of this 
kind takes place in the clus- 
ters of filings which attach 
themselves to one end of a 
ma^etized bar, these clus- 

Lters being composed of nu- 

l merous chains of filings. 
In comparing the pheno- 
mena of magnetic induction 
with those of electrical in- 
duction, we find both pointa 
of resemblance and points 
of difference. In the case of 

. electricity, if the influenc- 

Kiog and influenced body 

tare allowed to come in contact, the former loses some of its own 

^ charge to the latter. In the case of magnetism there is no such loss, 
a magnet after touching soft iron ia found to be as strongly magnet- 
ized as it was before. 

671. Bffeot of fiupture on a Uagnet. — If a magnet is broken into 
iny number of pieces, every piece will be a complete magnet with 




Fig. 423.— Broken MsgiieL 

(oles of its own. In the ease of an ordinary bar-magnet or needle, 
Pthe similar poles of the pieces will all be turned the same way, as in 
Fig. 423, which represents a magnet A B broken into four pieces. 
The ends a, a, a, a are of one name, and the ends b, b, b, b of the 
opposite name. 

672. Imaginary magnetic Fluids: Uagnetic Potential. — All mutual 
forces between magnets can be reduced to atti-actions and repulsions 
between different portion.^ of two imaginary Huids,' one of which 

' Foiaaon, fulluwjng Coulumb, tipuki; of Eicd mUj/ntlic Jtuidn, ami laii! down a theory Oi 
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may be called positive and the other negative. Neither fluid can 
exist apart from the other; every magnet possesses equal quantities 
of both; quantity being measured by force of attraction or repulsion 
at given distance, just as in the case of electricity, like portions 
repelling, and unlike portions attracting each other inversely as the 
square of the distance. Equal quantities of the two fluids, when co- 
existing at the same place, produce no resultant effect, and may be 
regarded as destroying each other. 

With reference to these imaginary fluids, viagnetic potential can 
be defined in the same way as electrical potential (§§ 601, 602, 611), 
and magnetic lines of force possess the same properties as electrical 
lines of force (§§ 603, 604, 607, 608). The direction of magnetic 
force at a point can either be defined as the direction in which a 
pole of a magnet would be urged if brought to the point, or as the 
direction in which a small magnetized needle, if brought to the 
point and balanced at its centre of gravity, would place its line of 
poles; and lines of magnetic force are lines to which this direction 
is everywhere tangential. It is important to remark that a linear 
piece of soft iron, though it sets its length along a line of force, 
does not travel along a line of force, but deviates towards the con- 
cave side. This is easily shown by tapping the card represented in 
Fig. 416. It will be found that filings placed on the line m m move 
along that line, and therefore at right angles to the lines of force. 

The force which is specified by magnetic " lines of force " is the 
force which one pole of a permanent magnet would experience; and 
it is the same in intensity, but opposite in direction, for dissimilar 
poles. The two poles of a small magnet (temporary or permanent) 
in the position of stable equilibrium as regards rotation, are pulled 
in nearly opposite directions; and the force which tends to produce 
movement of translation is the resultant of these two nearly opposite 
pulls. The direction of this resultant for a small sphere is the 
direction in which the intensity of the field increases most rapidly. 

673. Specification of Magnetization. — ^A piece of steel is said to be 
uniformly magnetized^ if equal and similar portions, cut in parallel 
directions from all parts of it, are precisely alike in their magnetic 
properties. 

their action. Sir W. Thomson, avoiding the hypothetical parts of Poisson's theory, speaks 
of imaginary magnetic matter of two dissimilar kinds. We have retained the more familiar 
noi,niQ fiuidf simply because it is more convenient to speak of two fluids than of ttoo hinds 
of matter. It is to be noted that we cannot speak of two magnetisms^ the name magnetism 
having been already appropriated in a different sense. 
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If a piece of magnetized steel be suspended at its centre of gravity, 
so aa to be free to turn all ways about it, tlie effect of tbe earth's 
magnetism upon it consists in a tendency for a particular line through 
this centre of gravity to take a determinate direction, which ia the 
direction of ten^estrial magnetic force. When the line is placed in 
any other position, tlie couple tending to bring it back ia propor- 
tional to the sine of the angle between the two positions, and ia the 
same for all directions of deviation. The hne which poaaesaes this 
property ia the maynetio axis of the body, and the name is sometimes 
given to all lines parallel to it. I£ the piece of steel be uniformly 
magnetized, this axis is the direction of magnetization; or the direc- 
tion of TnagTtetization ia the coininon direction of alt those idnea 
which tend to place theitwelvea along lines of force in a field ^ where 
the lines of force are parallul. 

674, Ideal Simple Magnet: Thin Bar, aniformly and longitudinally 
Magnetized.— The mutual actions of magnets admit of very accurate 
expression when the magnets are very thin in comparison with their 
length, uniform in section, and uniformly magnetized in the direc- 
tion of their length. Such bars, which may be called S'lniple niagneta, 
behave aa if their forces resided solely in their ends, which may 
therefore in tbe strictest sense be called their poles. The two poles 
of any one such bar are equal in strength; that ia to say, one of 
them attracts a pole of another simple magnet with the aame force 
with which the other repels it at the same distance. In the language 
of the two-fluid theory, the two fluids destroy one another except at 
the two ends, and the quantities which reside at the ends are equal 
but of opposite sign. The same number which denotes the quantity 
of fluid at either pole, denotes the stfevgtii of the pole, or, as it is 
often called, the strength of the mogvet. Its definition ia best 
expressed by saying that the foi-ee between a pole of one simple 
magnet and a pole of another, is the product of their atrengtbs 
,'divided hy the square of the distance between them.^ 

' A fiild of f era U any region of epaca traverseii ti j llnea of foraa ; or, in other word^ 

; r^on perraijed by fiiKe of attraction or rspulsion. A m.agn.ttic ^tld in any regioii 

psrvaded bj maenetic force. All space in tbe neighbourhood of the earth \a a magnelio 

~«lil, and within inaderate diatanceH the lines of [orca in it may he regarded as paralld, 

mleaa artiSdal magnets or pieces of iron are present to produce diatuilianoe.' 

> We here, and thrDUghont the rMnainder of this chapter, ignore the existence of Induc- 
Bon, which, bovever, is not altngether absent even iii the hardest steeL The effect ot 
filduetton is always to favour attraction. The altractii ms will therefore be somewhat 
nd the repiiULiina minii-ivlial Hc«ki.-r, lliaii <mr theory siippoiea. 
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The force which a pole of a simple magnet experiences in a mag- 
netic field, is the product of the strength of the pole and the intensity 
of the field. This rule applies to the force which a pole experiences 
from the earth's magnetism, the intensity of the field being in this 
case the intensity of terrestrial magnetic force; and, from the unifor- 
mity of the field, the forces on the two poles are in this case equal, con- 
stituting a couple, whose arm is the line joining the poles multiplied 
by the sine of the angle which this line makes ^-ith the lines of force. 

The product of the line joining the two poles by the strength of 
either pole is called the raoment of the magnet, and it is evident, 
from what has just been said, that the continued product of tlie 
TnoTnent of the magnet, the intensity of terrestrial inagnetic force, 
aiid the sine of the angle between the length of the magnet and the 
lines of force, is equal to the moment of the couple which the earth's 
magnetism exerts upon the magnet. 

675. Compoand Magnet of Uniform Magnetization. — ^Any magnet 
which is not a simple magnet in the sense defined in § 674 may be 
called a compovmd magnet. It is convenient to define the moment 
of a compound magnet by the condition stated in the concluding 
words of that section, so that the moments of different magnets, 
whether simple or compound, may be compared by comparing the 
couples exerted on them by terrestrial magnetism when their axes 
are equally inclined to the lines of force. 

If a number of simple magnets of equal strength be joined end to 
end, with their similar poles pointing the same way, there will be 
mutual destruction of the two imaginary fluids at every junction, 
and the system will constitute one simple magnet of the same strength 
as any one of its components; but its moment will evidently be the 
sum of their moments. 

If any number of simple magnets be united, either end to end or 
side to side, provided only that they are parallel, and have their 
similar poles turned the same way, the resultant couple exerted upon 
the whole system by terrestrial magnetism will (§ 27) be the sum of 
the separate couples exerted on each simple magnet, and the moment 
of the system will be the sum of the moments of its parts. But any 
piece of uniformly magnetized material may be regarded as being 
thus built up, and hence, if different portions be cut from the same 
uniformly magnetized mass, their moments will be simply propor- 
tional to their volumes. The quotient of moment by volume, for any 
uniformly magnetized mass, is called intensity of Tnagn^tization. 
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676. Actual Ifag&ets. — The definitions and laws of siinple magneta 
■e approximately applicable to actual uiaguetH, when magnetized in 
[ithe usual manner. 

If an actual bar-magnet in the form of a rectangular parallelepiped 
were magnetized with perfect unifonuity, and in the direction of its 
length, it might be regarded as made up of a number of simple 
magnets laid side by side, and its beliaviour would be represented 
by supposing a complete absence of magnetic fluid from all parts of 
it except its enda (in the strict mathematical sense). One of these 
terminal faces would be covered with positive, and the other with 
negative fluid, and if the magnet were broken across at any part 
of its length, the quantities of positive and negative fluid on the 
broken enda would be the same as on the ends of tlie complete 
magnet. The observed fact that magnets behave as if the fluids 
were distributed through a portion of their substance in the 
neighbourhood of the ends, and not confined to the ends strictly so 
called, indicates a falling ofl' in magnetization towards the extremities, 
and is approximately represented by conceiving of a number of short 
magnets laid end to end, and falling off in strength towards the two 
extremities of the series.^ 

The resultant force due to the imaginary magnetic fluids which 

ire distributed through the terminal poiiions of an actual bar- 

[jnagnet is, in the case of actions at a great distance, sensibly the 

,me as if the two portions of fluid were colleetetl at their respec- 

■e centres of gravity. These two centres of gravity are the poles 

the magnet for all actions between the magnet and other magnets 

it a great distance, and more especially between the magnet and the 

,rth. 

The moment of any magnet, however irregular in its magnetiza- 
Lon, may be defined by reference to the expression given in § G74i 
the couple exerted on the body by terrestrial magnetism. This 
tuple b M I sin a, where I denotes the intensity of terrestrial mag- 
itic force, a the inclination of the magnetic axis of the body to the 
les of the earth's magnetic force, and M the mowetif which we are 



^ ThliB the liidt mo^ift at the positive ena ixjing weoji 
jde will be weaker than its neighboor'B positive pole, 
MHiCive flmd M this junction, Similiiir reoaoning applies 
~wre will be an excess of positive fluid at all junctions 

li of negative at ail junctiims near the negativti end. 



■aker than its neighbour, iU negative 
BO that there will be an excess of 
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677. The Earth's Force simply Directive. — The forces which pro- 
duce the orientation of a magnet depend upon causes of which very- 
little is known. They are evidently connected in some way with 
the earth, and are accordingly referred to terrestrial magnetism. 
We have already stated (§ 673) that the combined effect of the forces 
exerted by terrestrial magnetism upon a magnetized needle is equi- 
valent to a couple tending to turn the needle into a particular direc- 
tion, and (§ 676) that in the case of needles magnetized in the 
ordinary way, there are two definite points or poles (near the two 
ends of the needle) which may be regarded as the points of applica- 
tion of the two equal forces which constitute the couple. 

The fact that terrestrial magnetic force simply tends to turn the 
needle, and not to give it a movement of translation, in other words, 
that the resultant force (as distinguished from couple) is zero, is com- 
pletely proved by the two following experiments: — 

(1) If a bar of steel is weighed before and after magnetization, no 
change is found in its weight. This proves that the vertical com- 
ponent is zero. 

(2) If a bar of steel, not magnetized, is suspended by a long and 
fine thready the direction of the thread is of course vertical If the 
bar is then magnetized, the direction of the thread still remains ver- 
tical. The most rigorous tests fail to show any change of its position. 
This proves that the horizontal component is zero, a conclusion which 
may be verified by floating a magnet on water by means of a cork. ^ 
It will be found that there is no tendency to move across the water 
in any particular direction. 

678. Horisontaly Vertical, and Total Intensities. — If S denote the 
strength of a magnet, and I the intensity of terrestrial magnetic force. 



. AND TERTICAL IltTENSITIKa 

leach pole of the magnet experiencea a force SI, and if L denote the 
istance between the poles (often called the length of the magnet), 
ihe distance between the lines of action of these two parallel and 
tepposite forces may have any value intermediate between L and zero, 
I to the position in which the needle is held. It will be zero 
when the line of poles is that of the Jipping-needle ; it will be L 
when the line of poles is perpendicular to the dipping-needle; and 
I will be Ii sin a when the line of polea is inclined at any angle a to 
ihe dipping-needle. 

The force SI upon either pole of the magnet acta in the direction 
of the dipping-needle; in other words, in the direction of the lines of 
force due to teiTestrial magnetism. Let 3 denote the dip, that is the 
inclination of the lines of force to the horizon, then the force SI can 
be resolved into SI cos 3 horizontal, and SI sin 3 vertical. Hence 
the horizontal and vertical intonHities H and V are connected with 
the total intensity and dip I and S by the two e 



which are equivalent to the following two 



I ine 

I 

I^^H 679. Torsion-balance. — Coulomb, in investigating the laws of the 

II ' mutual ■action of maainets, employed a torsion-balance scarcely dif- 

fering from that which he used in hia electrical researclies. The 
suspending thread canied, at its lower end, a .stirrup on which a. 
magnetized bar was laid horizontally. The torsion-head was so 
adjusted that one end of the magnet was opposite the zero of the 
divisions on the glass ease when the supporting thread was without 
torsion. In order to effect this adjustment, the magnet was first 
suspended by a thread whose torsional power waa inconsiderable, so 
that the magnet placed itself in the magnetic meridian. The case 

■was then turned till its zero came to this position. The torsionless 

^ihread waa then replaced by a fine metallic wire, and the magnet 
fraa replaced by a copper bar of the same weight. The head waa 
ihen turned till this bar came into the magnetic meridian, and lastly 

^the magnet was put in the place of the bar. 

Fig. 424 shows the arrangement adopted for observing the repul- 

Ksion or attraction between one pole of the suspended magnet and one 
)ole of another magnet placed vertically. Before the insertion of 

fthe latter, the smpended magnet was acted on by no horizontal 
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forces except the horizontal component of terrestrial m^inetism anil 
the torsion of the wire. It was then found that the torsion requisite 
for keepinf^ the iiiai,Tiet in any position was proportional to the sine 
of the displacement from tho meridian. 

This result is evidently in accordance with the principles stated 




above, for the two equal horizontal forces on the two poles being 
constant for all positions, the couple which they compose is propor- 
tional to the distance between their lines of action, and this distance 
is evidently L sin 9, L denoting the constant distance between the 
poles, and 9 the deviation of the needle from the meridian. 

660. measurement of Declination. — Magnetic declination has been 
observed with several different forms of apparatus. 

At sea, the moat common method of determining it has consisted 
in obser\ing the magnetic bearing of the rising or setting sun, and 
comparing this with its true bearing as calculated by a well-known 
astronomical method. 

For more accurate determination on land, the declination compass 
or declination theodolite* (Fig. 425) has been frequently employed. 
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n the instrument is set, by the help of astronomical observations, 

80 that the vertical plane in 

which the telescope L L' (or 

more accurately its line of col- 

limafcion) moves, coincides with 

the geographical meridian, the 

ends of the needle indicate the 

declination on the graduated 

circle over which they move. 

_ This circle in fact toms with 

ie telescope, the line of 0° and 

B60° 71 s being always in the 

vertical plane with the 

ine of collimation of the tele- 

sope. The external divided 

rcle PQ is used for setting the 

istrument in the meridian. 

At fixed observatories more i.^.TiieofloUia 

urate methods of obser^'ation 
ue employed. Fig. 426 shows the arrangement adopted at Green- 
i har-magnet B carries at one end a cross of fine threads C. and 





Bfinutli ind latitude, the amountB of these moticmi being indicated by divided circles or 
iii'lffs. It dues not differ eauentialty frum tlit lurgcr inatrumeut called the 
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at the other a lens D, the distance between them being equal to the 
focal length of the lens, thus forming a kind of inverted telescope, 
whose line of coUimation is the line joining the cross to the optical 
centre of the lens. The bar is suspended by means of a stirmp from a 
tarsionless thread, and sets its magnetic axis in the magnetic meridian. 
The telescope E, with theodolite mounting, is stationed opposite the 
end which carries the lens, and is so adjusted at each observation that 
its line of collimation is parallel to that of the inverted telescope 
carried by the magnet, an adjustment which is identified by seeing 
the cross C coincident with a similar cross fixed in the interior of the 
telescope E. When the observation has been made with the magnet 
in one position, it must be repeated with the magnet turned upside 
down as shown in the figure. Error of parallelism between the 
magnetic axis of the bar and the line of collimation of the inverted 
telescope which it carries, will affect these two observations to the 
same extent in opposite directions, and will therefore disappear from 
their mean. The readings are taken on a horizontal circle corre- 
sponding to the outer circle in Fig. 425, and astronomical observa- 
tions must be made once for all to determine what reading corre- 
sponds to the geographical meridian. 

Another very accurate method consists in rigidly attaching to the 
bar, instead of the lens and cross, a small vertical mirror. This can 
either be viewed through a telescope, so as to show the reflection of 
a horizontal scale of equal parts, which will appear to travel across 
the field of view of the telescope as the magnet turns, or it can be 
employed to throw the image of a spot of light either upon a screen 
viewed by the observer, or still better upon photographic paper drawn 
by clock-work, which leaves a permanent record of continuous changes. 
Both these methods of employing mirrors for the observation of small 
movements of rotation are now extensively employed in many appli- 
cations. They appear to have been first introduced by Grauss, who 
employed them for the purpose which we are now considering. 

681. Measurement of Dip. — The dip-circle or inclination compass is 
represented in Fig. 427. It consists essentially of a magnetized 
needle, very accurately and delicately mounted on a horizontal axis 
through its centre of gravity, in the centre of a vertical circle on 
which the positions of the two ends of the needle can be read off. 
This circle can be turned with the needle into any azimuth, the 
amount of rotation being indicated by a horizontal circle. It is 
obvious that, if the vertical circle is placed in the plane of the mag- 



OBSERVATION OP DIP, 



ridian, the needle, being free i 



1 this plai 



, will 



is p! 



fnctic I 
directly indicate t 

is placed in a plane perpendicular to the magnetic meridian, the 
bomontal component of terrestrial magnetism is prevented from 
moving the needle^ which, accordingly, obeys the vertical component 
mly, and takes a vertical position. In intermediate positions of the 
rertical circle, the needle will assume positions intermediate between 
fthe vertical and the true angle of 

[dip, In factj if fl be the angle 

■ which the plane of the vertical 
circle makes with the magnetic 
meridian, the component H sin B 
of terrestrial magnetism, being per- 
pendicular to this plane, merely 
tends to produce pressure against 

I the suppoi-ts, and the horizontal 
Component influencing the position 
of the needle is only H cos 0, which 
lies in the plane of the circle. As 
tione of the vertical force is de- 
"atroyed, the tangent of the appar- 
ent dip will be Hcoaa 'cnar '^^^^ 
most accurate method of setting 
the vertical cii'cle in the magnetic meridian ■ i ■■ t adjust- 

ing it ao that the needle takes a vertical position, and then turning 
it through 90'. 
The instrument having thus been set, and a reading taken at each 
end of the needle, it should be turned in azimuth through 180°, and 
another pair of readings taken. By employing the mean of these 
two pairs of readings, several sources of error are eliminated, includ- 
ing non- coincidence of the axis of magnetization with the line joining 
the ends of the needle. One important source of eiTor — deviation of 
the centre of gravity from the axis of suspension in a direction 
parallel to the length of the needle, is, however, not thus corrected. 
It can only be eliminated by remagnetizing the needle in the reverse 
direction so as to interchange its poles. The mean of the results 
obtained before and after the reversal of its magnetization will be 
the true dip. 

A better form of instrument, known as the Kew dip-cb^cle, is now 




670 



exPKRtME^'TAL DLTAILS. 



employed. Its essential parts are represented in Fig. 428. There 
is no metal near the needle, and the readings are taken on a circle 
round which two telescopes 
travel. In each observation 
the telescopes are directed to 
the two ends of the needle. 

68S. Heaenrement of In- 
tensity of Terrestrial Mag- 
netic Force. — The complete 
specification of the earth's 
magnetic force at any place 
involves three independent 
elements. For example, if 
declination, dip, and hori- 
zontal force are determined 
by observation, vertical force 
and total force can be cal- 
culated by the formulse of 
§678. 

Observations of magne- 
tic force are made either by 
counting the number of vi- 
brations executed in a given 
time, or by statical mea- 
surements. If a magnet executes small horizontal vibrations under 
the influence of the earth's magnetism, the square of the number of 
vibrations in a given time is proportional to — , H denoting the 
horizontal intensity, M the moment of the magnet, and ft its moment 
of inertia about the centre of suspension. Hence it is easy to observe 
the va/riaticms of horizontal intensity which occur from time to time, 
it we can insure that our magnet itself shall undergo no change, or 
if we have the means of correcting for such changes as it undergoes. 
To obtain absolute determinations of horizontal intensity, the fol- 
lowing method is employed. 

First, observe the time of vibration of a freely-suspended horizon- 
tal magnet under the influence of the earth alone, — this will give the 
produd of the earth's horizontal intensity and the moment of the 
magnet. 

Secondly, employ this same magnet to act upon another also freely 
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[ suspended, anJ thus compare its influence with that of the earth, — 
I this will give tlie ratio of the same two quantities whose product 
I was found before. Hence the two quantities 
I themselves can easily he computed. 

33. Blfllar and Balance Uagnetometers. — 
I The changes of horizontal intensity are mea- 
I Bured statically hy means of tJie bitikr 
tn^Detometer. This consists of a bar-magnt-t 
I (Fig. 429) suspended by two equal threads 
I which would be in one vei'tical plane if the 
1 bar were unmagnetized; but matters are so 
I arranged that, under the combined action of ' 
1 the pull of the threads, the weight of the 
I Iwir, and the earth's magnetism, the bar is 
I kept in a position nearly pei-pendicular to 
I the magnetic meridian. The changes whicli 
I occur in its position from time to time are 
1 due only to changes in. the intensify of the am— 
I earth's horizontal force; changes in the direc- Fig. 42 
) tion of this force, to the extent of a few 
I minutes of angle, having no sensible eflect, on account of the near 
I approach to perpendicularity. 

Let the distance E F of the upper points of attachment of the 
r threads be 2a and the distance GH of the lower points 2b. 
I and let the angle between the directions of EF and GH he ^. 
I Also let W be the weight of the magnet, h 

I I the length of each thread, T its ten- ^^ \ 

I, and fl its inclination to the vertical, e 
I In Fig, 430 E', F' are the projections 
I of E, r upon the horizontal plane, t; ^^^ 

\ which contains G, H; and the two lines 

I GH, E'F' bisect each other at 0, so that we have 0E'=^((, OG = t, 
1 E'OG=ff. 

GE' is the projection of one of the threads; we have therefore 
\ GE'— / sin 0, and the tension of this thi-ead can be resolved into a 
I vertical component T cos fl and a horizontal component which acts 
I along GE', and is T sin 9 or T —.-. The moment of the latter round 
I O is found by multiplying by the perpendicular dropped from O 
r'upon GE'. But GE' multiplied by this perpendicular is double tlie 
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area of the triangle E'OG, or is a 6 sin 0, hence the moment in ques- 

T 

I 



T 

tion is equal to , a 6 sin 0; and as this is due to one thread only, 

2T 

the couple due to the two threads is -. ah sin 0, which is practically 



equal to y a6 sin 0, since is practically so small that cos B may be 

taken as unity. 

If M be the magnetic moment of the magnet, and H the earth's 
horizontal intensity, MH will be the horizontal magnetic couple 
acting on the magnet, if the axis of the latter is perpendicular to the 
magnetic meridian. If the deviation from perpendicularity be /3 the 
couple will be MH cos /3, and /3 is practically so small that cos /3 may 
be taken as uiiity. Since in the position of equilibrium the two 
couples balance each other, we have the equation 

W^8in0=MH, 

which shows that H varies as sin ^. 

The changes of vertical intensity are measured by the balance- 
Tnagnetometer, which consists of a bar-magnet placed in the magnetic 
meridian, and suspended on knife-edges like the beam of an ordinary 
balance. Its deviations from horizontality are measures of the 
changes of vertical intensity. 

Both these instruments have mirrors attached to the magnet, which 
produce a photographic record of the movements of the magnet, on 
principles above explained. 

The moment of a magnet varies with temperature, being dimin- 
ished by something like one ten-thousandth part of itself for each 
degree Fahr. of increase, and increasing again at the same rate when 
the temperature falls. Hence magnetic observatories must be kept 
at a nearly uniform temperature. They must also be completely free 
from iron. No iron nails are allowed to be used in their construc- 
tion, copper being employed instead. 

684. Results of Observation. — The annexed figures^ contain an 
approximate representation of the magnetic meridians and lines of 
equal dip over both hemispheres of the earth. These two systems of 
lines combined, furnish a complete specification of the direction of 
magnetic force at all parts of the earth's surface; but they indicate 
nothing as to intensity. The curves of equal total intensity have a 

^ For Figs. 426, 428, 429, 431, 432 we are indebted to the publishers of Airy's Treatise 
on Magnetitm, 
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general resemblance to the lines of equal dip, the intensity being 
greatest near the poles, and least near the equator; but their arrange- 
ment is somewhat more complicated, there being two north poles of 
greatest intensity, one in Canada, and the other in the northern part 
of Siberia. Speaking roughly, the intensity near the poles is about 
double of the intensity near the equator. Curves of equal total 
intensity are often called iaodynamic lines; curves of equal dip are 
often called isoclinic lines; curves of equal declination are often called 
isogonic lines; curves cutting the magnetic meridians at right angles 
are often called magnetic parallels. They are the lines which would 
be traced by continually travelling in the direction of magnetic east 
or west. 

685. The Earth as a Magnet. — The intensity and direction of ter- 
restrial magnetic force at different places may be roughly represented 
by supposing that there is a magnet ?r w' (Fig. 433) at the earth's 
centre, having a length very small in comparison with the earth's 

radius, and making an angle of about 
20° with the earth's axis of rotation. 
The points A and B obtained by pro- 
ducing this magnet longitudinally to 
meet the surface, would be the magnetic 
poles, and at any other place the mag- 
netic meridian would be the vertical 
plane containing the magnetic axis 
A B. At places situated on the great 
circle whose plane contains both the 
axis of rotation and the magnetic axis, 
the magnetic meridian would coincide 
with the geographical meridian, and 
the declination would be zero. At any 
other place M, the two meridians would 
cut each other at an angle which would be the angle of declination. 
At all places on the great circle e e whose plane is perpendicular to 
the magnetic axis, a needle suspended at its centre of gravity would 
place itself parallel to this axis, and consequently the dip would be 
zero. This circle would be the magnetic equator.^ It would cut 

^ If latitude reckoned from the magnetic equator be called magnetic latitude, and de- 
noted by X, it can be shown that we should have, on this theory, 

tan 5 = 2 tan X; I = E V co^T+I^i? \ 
£ denoting the intensity at the magnetic equator. 




Fig. 433.— Biot'B Hypothesis. 
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' the geographical equator at an angle of 20°, Proceeding from the 
magnetic equator towards the north magnetic pole B, the needle 
would dip more and more, until at B it became vertical. A declina- 
tion needle at B would remain indifferently in all poaitions. Similar 
phenomena would be observed at the other magnetic pole A, The 
I end of the needle which would dip at B, and which at other parts 
' of the earth would point to magnetic north, is that which is similar 
to the southern pole w' of the teiTestrial magnet t «■', and the pole 
which is similar to t would dip at A, 

The supposition of such a central magnet is known as Biot'e 
L kypotheaia. It leads to the same results as the supposition that the 
I earth is a uniformly magnetized sphere. For if we have a sphere 
I built up of a number of equal and similar small magnets with their 
I poles pointing the same way, we may suppose ail the imaginary fluid 
I at their northern ends to be collected at one central point, and all 
, the imaginaiy fluid at their southern ends at another central point, 
the distance between these two points being equal to the common 
length of the small magnets. Hence the small centi-al magnet will 
I have the same moment as the uniformly magnetized earth. 

The actual phenomena of teiTestrial magnetism are much more 
I irregular than the results to which this hypothesis leads. It would 
I appear that the eaith's magnetism is distributed in a manner not 
I reducible to any simple expression. 

686. ChansBB of Declination and Dip. — Declination and dip vaty 
I greatly not only from place to place, but also from time to time, 
I Thus at the date of the earliest recorded observations at Paris, 1580, 
I the declination was about 11° 30' E. In 1(363 the needle pointed 
I due north and south, so that Paids wa.s on the line of no declination. 
I Since that time the declination ha.s been west, increasing to a 
I maximum of 22° 34', which it attained in 1814. Since then it has 
t gone on diminishing to the present time, its present value being 
I about 19° W. 

As to dip, ita amount at Paris has continued to diminish ever since 
it was first observed in 1671. From 75° it has fallen to 66", its pre- 
sent value. As its variations since 1863 have been scarcely sensible, 
it would seem to have now attained a minimum, to be followed by 
a gradual increase. 

687. Mag:netic StormB. — Besides the gradual changes which occur 
in terrestrial magnetism, both as regards direction and intensity of 

L force, in the coui'se of long periods of time, there are minute fluctua- 
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tions continually traceable. To a certain extent these a 
on the varying position of the sun, and, to a much smaller extent, of 
the moon, with respect to the place of observation; but over and 
above all regular and periodic changes, there is a lai^ amount of 
irregular fluctuation, which occasionally becomes so great as to con- 
stitute what is called a magnetic storm. Magnetic storms " are not 
connected with thunder-storms, or any other known disturbance of 
the atmosphere; hut they are invariably connected with exhibitions 
of aurora borealis, and with spontaneous galvanic currents in the 
ordinary telegraph wires; and this connection is found to be so cer- 
tain, that, upon remarking the display of one of the three classes of 
phenomena, we can at once assert that the other two are observable 
(the aurora borealis sometimes not visible here, but certainly visible 
in a more northern latitude)."^ They are sensibly the same at 
stations many miles apart, for example at Greenwich and Kew, and 
they affect the direction and amount 
of horizontal much more than of 
vertical force. 

688. Ship's Compass, — In a ship's 
compass, the box cc (Fig. 434) 
which contains the needle is weight- 
ed below, and hung on gimbals, 
which consist of two rings so ar- 
ranged as to admit of motion about 
two independent horizontal axes tt, 
uu at right angles to each other. 
'Phis arrangement prevents it from 
being tilted by the pitching and 
rolling of the ship. The needle a b 
is firmly attached to the compass 
card, which is a circular card 
marked with the 32 points of the 
compass, as in Fig. 435, and also 
usually divided at its eireumference 
into 360 degrees. The card with 
its attached needle is accurately 
balanced on a point at its centre. The needle, which, in actual use, 
ia concealed from view, lies along the line N S. The box contains a 
vertical mark in its interior on the side next the ship's bow; and 

I Aii; OD lUagaelitm, p. 201. 




M,— Ship'i Compass. 



I this mark serves as an index for reading off on the card the lUrection 

I to which the ship's head is turned. Sometimes a reflector is employed, 
I in the fii-at part of Fig, 

p434, in such a position that 
an observer looking in from 
behind can read off the indi- 
cated dii-ection by reflection, 
and can at tiie same time 
sight a distant object whose 
ina^etic bearing is required. 

I The oiigin of the compass is 

I very obscure. The ancients 

I were aware that tlie loadstone , 

I attracted iron, but were ignor- 

I ant of its directive property. 

I The instrument came into use 

I in Europe some time !■ the 

I course of the thirteenth cen- 

I tuiy. 

689. Methods of Magnetization.— The usual process of magnetizing 

^ a bar consists in rubbing it with or against a bar already magnetized. 
Diflerent metliods of doing this, called single touch, double touch, &c., 
have been devised, in which magnetized bars of steel were the mag- 
netizing agents. Much greater power can, however, be obtained bj' 
means of electro-magnetism ; and the two following methods are now 
almost exclusively employed by the makers of magnets. 

1. A fixed electro-ma^et (Fig. 436) is employed, and the bar to 
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be magnetized is drawn in opposite directions over its two poles- 
Each stroke tends to develop at the end of the bar at which the 
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motion ceases, the opposite magnetism to that of the pole which is 
ill contact with it. Hence strokes in opposite directions over the 
two contrary poles tend to mag^netize the bar the same way. 

2, When very intense magnetization is to he produced, the electro- 
magnet must be very powerful, and the bar then adlieres to it so 
strongly that the operation above described becomes difficult of exe- 
cution, besides scratching the bar. Hence it is more convenient to 
move along the bar, as in Fig. 437, a coil of wire through which a 
current is passing. This was the method employed hy Arago and 
Ampere. 

A bar of steel is said to he magnetized to saturation, when its 
magnetization is as intense as it is able to retain without sensible 
loss. It is possible, by means of a powerful magnet, to magnetize a 
bar considerably above saturation; but in this case it rapidly loses 
intensity. 

Pieces of iron and steel frequently become magnetized temporarily 
or permanently by the influence of the earth's magnetism, and this 
action is the more powerful as the direction of their length more 
nearly coincides with that of the dipping-needle. If fire-irons whicli 
have usually stood in a nearly vertical position be examined by their 
influence on a needle, they will generally be found to have acquired 
some permanent magnetism, the lower end being that which seeks 
the north. 

It sometimes happens that, either from some peculiarity in the 
structure of a bar, or from some irregularity in the magnetizing pro- 




cens, a reversal of the direction of magnetization occurs in some part 
ur parts of the length as compared with the rest. In this case the 
magnet will have not only a pole at each end, but also a pole at each 
point where the reversal occurs. These intermediate poles are called 
cmiiteqiient points. Fig. 438 represents the arrangement of iron- 
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filings about a bar-magnet which has two consequent points a', 6'. 
Tlie whole bar may be regarded as consisting of three magnets laid 
end to end, the ends which are in contact being similar poles. Thus 
the two poles at a' and the one pole at a are of one kind, while the 
two poles at U and the one pole at b are of the opposite kind. 

The lifting power (or imHutive force) o£ a magnet generally 
increases with its size, but not in simple proportion, small magnets 
being usually able to sustain a greater mul- 
tiple of their own weight than large ones. 
Hence it has been found advantageous to 
construct compound magnets, consisting of 
a number of thin bars laid side by side, witli 
their similar poles all pointing the same 

way. Fig. 439 represents 

such a compound magnet 

composed of twelve ek- 

mentary bars, arrang'.'ii 

4x3. Their ends are in- 
serted in masses of soft 
the extremities of 

which constitute the poles 

of the system. 

Fig. 440 represents a 

compound horse -shoe mag- 
net, whose poles N and S 

support a keeper of soft 

iron, from which ia hung 

a bucket for holding 

weights. By continually 

adding fresh weights day '" **" ~'^'^',I^nj"[' '"*""''""' 

after day, the magnet may 
be made to cany a much greater load than it could have supported 
originally; but if the keeper is torn away from the magnet, the 
additional power is in.stautly lost, and the magnet is only able to 
stain its original load. 

Much attention waa at one time given to methods of obtaimug 
steel magnets of great power. These researches have now been 
superseded by electro-magnetism, which affords the means of obtain- 
ing temporary magneta of almost any power we plet 
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shown that, when a bar of iron is magnetized longitudinaUy, it 
acquires a slight increase of length, compensated, however, by trans- 
verse contraction, so that its volume undergoes no change. 

If the magnetization is effected suddenly, by completing an electric 
circuit, an ear close to the bar hears a clink, and another clink is 
heard when the current is stopped. 

These phenomena have been accounted for by the hypothesis.that, 
when iron is magnetized, its molecules place their longest dimensions 
in the direction of magnetization. 

The effect of heat in diminishing the strength of a magnet is 
another instance of the connection between magnetism and other 
molecular conditions. In ordinary cases, this diminution is merely 
transient; but if a steel magnet is raised to a white-heat, it is per- 
manently demagnetized. 

691. Action of Magnetism on all Bodies. — It has long been known 
that iron and steel are not the only substances which can be 
acted on by magnetism. Nickel and cobalt especially were known 
to be attracted by a magnet, though very much more feebly than 
iron, while bismuth and antimony were repelled. Faraday, by means 
of a powerful electro-magnet, showed that all or nearly all substances 
in nature, whether solid, liquid, or gaseous, were susceptible of mag- 
netic influence, and that they could all be arranged in one or the other 
of two classes, characterized by opposite qualities. This opposition 
of quality is manifested in two ways. 

1. As regards attraction and repulsion, iron and other para/mag- 
netic bodies are attracted by either pole of a magnet, or mwe gene- 
rally, they tend to move from places of weaker to places of stronger 
force. On the other hand, bismuth and other diamagnetic bodies are 
repelled by either pole of a magnet, and in general tend to move from 
places of stronger to places of weaker force. 

2. As regards orientation, a paramagnetic^ body, when suspended 
between the poles of a magnet, tends to set aodally; that is to say, 
tends to place its length along the line joining the poles; whereas a 
diamagnetic body tends to set equatoHally, that is, to place its 
length at right angles to the line joining the poles. 

^ The nomenclature here adopted was proposed by Faraday in 1850 (Researches, § 2790), 
and is eminently worthy of acceptance. Many writers, however, continue to employ 
fnagnetic in the exclusive sense of paramagnetic. To be consistent, they should call the 
other class anttmagnetic, not dtamagnetic. " The word magnetic ought to be general, and 
include aU the phenomena and effects produced by the power,'* 
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The fundamental difference is, that a piece of bismuth {or other 

I diamagnetic substance), when it becomes a temporary magnet from 
the inductive influence of the field in which it is placed, has ita poles 

I opposite, end for end, to those of a piece of iron (or other paramag- 
netic substance) similarly placed. From this reversal of the poles, 
it follows that the resultant force upon the bismuth is opposite in 
direction to the resultant force upon the iron; and as the iron is 
urged from places of weaker to places of stronger force, the bismuth 
is urged from stronger to weaker. This is tbe cause of the equatorial 
setting of a diamagnetic bar when suspended between the poles of a 
magnet. It is merely a result of the tendency of the particles to 
move outwards into the regions of weaker magnetic action. In a 
uniform field, with parallel lines of force, the equatorial setting 
would not occui-. 

The axial setting of an iron bar between the poles of a magnet is 
jointly due to two causes, one being the tendency of its particles to 

■ move to places of stronger force, while the other cause, which we 
will now proceed to explain, tends 
to produce axial setting even in a 
unifoiTa field. 

)S. BeaBon of Setting in a TTni- 
form Field, — Suppose a row of iron 

I balls placed axially, as in Fig. 441, 

j either between tbe poles of a mag- 

I net, or along a line of force in uni- 

I form field; the force of the field 
being such as to ui^e a north pole 

I from left to right. Each ball will, 

I by induction, become a magnet 

I with its north pole to the right, and 

I tbe force which each ball experi- 

I ences from its neighbours will be in 

I the same direction as the force of 

I the field. The mutual action of the 

I balls, therefore, increases tbe induc- 

[ tion due to tbe field. 

Next, suppose a row of iron balls placed equatorially in the same 

I field (Fig. 442). The north pole of each ball wiU be attracted to the 

I left by tbe south poles of its neighbours, and the induction due to 

I the field will therefore be iliminished. 
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Thirdly, let a row of iron balls be placed in a line inclined to the 
lines of force (Fig. 443). The force of the field can be resolved into 
two components, one (which we shall call the longitudinal com- 
ponent) along the line of balls, and the other (which we shall call 
the transverse component) normal to the line of ball& Mutual 
induction will, as above shown, augment the longitudinal and 
diminish the transverse component. It will, therefore, alter the 
direction of the total induction, so as to make it more nearly 
longitudinal. The poles of any one of the balls will therefore have 
such positicHis as are sho\^Ti at n and 8 in the figure, n being above 
and 8 below the horizontal line through the centre. 

In estimating the forces which tend to turn the row of balls as a 
whole when they are rigidly connected together, we must remember 
that mutual actions between difierent parts of a rigid body do not 
tend to move the body as a whole. Such motion can only be 
produced by forces from without, that is, in the present case, 
by the original force of the field, which urges north poles from 
left to right, and south poles from right to left. The forces on 
each ball will constitute a couple as shown by the two arrows in 
the figure, and these couples tend to turn the body into the axial 
position. 

If we apply similar reasoning to a row of balls of bismuth, we 
shall find that mutual induction diminishes the longitudinal com- 
ponent, increases the transverse component, and in the case of the 
oblique row, gives the poles of each ball positions such as are shown 
in Fig. 444. The couple due to the external forces of the field is 
represented by the two arrows in the figure, and tends (just as in 
the case of iron) to turn the body into the axial position. This 
directive action is, however, excessively feeble, the forces due to 
mutual induction in bismuth being insensible in comparison with 
the external forces of the field. 

693. Experimental Arrangements. Faradajr's Apparatus. — Fig. 445 
represents the apparatus commonly employed for experiments on 
this subject. B, B are two large coils of stout copper wire, wound 
on massive hollow cylinders of soft iron. These latter form por- 
tions of the heavy frames F, F, which can be slid to or from each 
other, and fixed firmly at any distance by means of the screws E, E. 
The armatures P, which can be screwed on or off, have the form of 
rounded cones, and produce a great concentration of force at their 
'extremities. 



&FPABATUB FOR DIAHAONETISH: 683 

The action of magnetism upon a solid can lie examined by suspend- 
ing a small bar of it a b, by means of a special support RS, between 
the poles P. When a current is passed through tlie coils, the bar 
immediately exhibits a preference either for the axial or the equa- 
torial position. Attraction and repulsion are most easily tested by 
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suspending a small ball of the substance at the level of the central 
line of poles, but a little beside it, the poles having first been brought 
very near together. On passing the current through the coil, the 
hall will move inwards towards the line of poles if parama^etic, 
and outwards if dt am acetic. 

It is important, however, to remark, that experiments of this kind, 
unless performed in vacuo, are merely differential — they merely 
indicate that tlie suspended body is, in the one case, more para- 
magnetic or less diamagnetic; in the other case more diamagnctie 
or leas paramagnetic, than the medium in which it moves, the com- 
parison being made between equal volumes. Oxygen is paramag- 
netic, and nitrogen is nearly or quite indifferent. Air is accordingly 
paramagnetic, and a boiiy suspended in air appears l&ss paramagnetic 
or more diamagnetic than it really is. If more feebly paramagnetic 
than air, it will appear to be diamagnetic Thus heated air, in 
consequence probably of its rarefaction, appears diamagnetic when 
surrounded by cold air, and the flame of a taper is repelled down- 
wanla and outwards frtJin the axial line. 

If, on the other hand, the body under examination is suspended 
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in water, it will appear more paramagnetic than it really is, by 
reason of the diamagnetism of water. 

The following metals are paramagnetic: iron, nickel, cobalt, man- 
ganese, chromium, titanium, cerium, paladium, platinum, osmium. 

The following are diamagnetic: bismuth, antimony, lead, tin, 
mercury, gold, silver, zinc, copper. 

The following substances are also diamagnetic: water, alcohol, flint, 
glass, phosphorus, sulphur, resin, wax, sugar, starch, wood, ivory, 
beef (whether fresh or dried), blood (whether fresh or dried), leather, 
apple, bread. 

694. Magneto-crystallic Action. — The orientation of crystals in 
a magnetic field presents some remarkable peculiarities, which were 
extremely perplexing to investigators until Tyndall and Knoblauch 
discovered the principle on which they depend. This principle is, 
that crystals are susceptible of magnetic induction to different degrees 
in different directions. Every crystal (except those belonging to the 
cubic system) has either one line or one plane along which induction 
takes place more powerfully than in any other direction; and it is 
this line or plane which tends to place itself axially or equatorially 
according as the crystal is paramagnetic or diamagnetic. The direc- 
tions of most powerful and least powerful induction are found to be 
closely related to the optic axes of crystals, and also to their planes 
of cleavage. When a sphere cut from a crystal is brought near to 
one pole of a magnet, it is attracted or repelled (according as it is 
para- or dia-magnetic) with the greatest force when the direction of 
most powerful induction coincides with the direction of the force. 

Directions of unequal induction can be produced artificially in 
non-crystalline substances by applying pressure. "Bismuth is a 
brittle metal, and can readily be reduced to a fine powder in a 
mortar. Let a tea-spoonful of the powdered metal be wetted with 
gum-water, kneaded into a paste, and made into a little roll, say an 
inch long and a quarter of an inch across. Hung between the 
excited poles, it will set itself like a little bar of bismuth — equatorial 
Place the roll, protected by bits of pasteboard, within the jaws of a 
vice, squeeze it flat, and suspend the plate thus formed between the 
poles. On exciting the magnet, the plate will turn, with the energy 
of a magnetic substance, into the axial position, though its length 
may be ten times its breadth. 

" Pound a piece of carbonate of iron into fine powder, and form it 
into a roll in the manner described. Hung between the excited 
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poles, it will stand as an ordinary [para]magnetic substance — axial. 
Squeeze it in the vice, and suspend it edgeways, its position will be 
immediately reversed. On the development of the magnetic force, 
the plate thus formed will recoil from the poles, as if violently 
repelled, and take up the equatorial position."^ 

In these experiments the direction of most powerful induction is 
a line transverse to the thickness, and this is also the direction in 
which pressure has been applied. Tyndall accordingly concludes 
that " if the arrangement of the component particles of any body be 
such as to present different degrees of proximity in different direc- 
tions, then the line of closest proximity, other circumstances being 
equal, will be that chosen by the respective forces for the exhibition 
of their greatest energy. If the mass be [para]magnetic, this line 
will stand axial; if diamagnetic, equatorial."^ 

• Tjndall on Diamagnetism, p. 18. ■ Ibid. p. 23, 
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696. Voltaic Electricity. — Towards the close of last century, wlion 
the discovery of the various phenomena of frictional electricity had 
been followed by Coulomb's investigations, which first reduced them 
to an accurate theory, a new instrument was brought to light 
destined to efiect a complete revolution in electrical science. In 
place of an element difficult to manage, capricious and uncertain in 
its behaviour, and constantly baffling investigation by the rapidity 
of its dissipation, the galvanic battery furnished a steady source of 
electricity, constantly available in all weathers, and requiring no 
special precautions to prevent its escape. Moreover, the electricity 
thms developed exhibited an entirely new set of phenomena, and 
opened up the way to such various and important applications, that 
frictional electricity at once fell into the second place, and the new 
agent became the main object of interest with all electrical inves- 
tigators. 

696. Galvanic Element. — If two plates, one of zinc and the other 
of copper (Fig. 446), are immersed in water acidulated by the addi- 
tion of sulphuric acid, and are not allowed to touch each other within 
the acid, but are connected outside it, either by direct contact, or by 
a metallic wire M and binding screws, as in the figure, a continuous 
current of electricity flows round the circuit thus formed, the direc- 
tion of the positive current being from copper to zinc in the portion 
external to the liquid, and from zinc to copper through the liquid. 
Chemical action at the same time takes place, the zinc being 
gradually dissolved by the acid, and hydrogen being given out at 
the copper plate. 

If, instead of employing two metals and a liquid, we form a 
circuit with any number of metals alone, no current will be gene- 
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rated, provided that the whole circuit he kept at one temperature. 

If, however, some of the junctions be kept hot and others cold, a 

current will in general be produced. 

The principles whici underhe these phenomena appear to be as 

follows: — 

(1). When two dissimilar substances touch each other, they have 

not exactly the same potential at the point of contact. For instance, 
' when zinc is in contact with copper, it is at higher potential than 

the copper. 

(2). The difference is in general greater for two metals than for a 
I metal and a non-metal or two non-metals. 

(3). The difference depends not only on the nature of the two 
I flubstancea, but also on their temperatures. 

(4). The difference of potentials between two metals is the same 
I when they are in direct contact as when they are connected by one 
I or more intervening metals; all the metals being still supposed to be 
I at the same temperature. 

(6). When two metals are connected by a conducting liquid which 

s susceptible of decomposition, their difference of potential is much 
I smaller than when they are in direct 
f contact. Thus, if the connecting 
I wire M (Big. 446) be of copper, and 

we break its connection with the 
I copper plate, the ditierence of po- 
I tential between the two plates will 
I be less than the difference between 
I the zinc plate and the copper wire. 
I The zinc plate is positive with re- 
I spect to the copper wire; hence 
I the copper plate is positive with re- 
I Bpect to the copper wire. On com- 
I pleting the circuit, positive elec- ng. Hft-voitaJcEienmuL 

I tricity accordingly flows from tlie 

I copper plate into the copper wire. As the diflereuce of potentials 
I at the junction of the dissimilar metals is permanent, the current 
I is permanently roaintainetl. Chemical combination at the same time 
I goes on; and the potential energy of chemical affinity which thus 
I runs down, is the source of the energy of the current. 

Every electric current may be regarded as a flow of positive elec- 
I tricity in one direction, and of negative electricity in the op])oaita 
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direction. The direction in which the positive ok^ctricity flows is 
always sjiokon of aJ^ the direction of the current. 

697. Galvanio Battery, — By connecUng the plates of successive 
elonicnts iii tlii> manner repi-osented in Fig. 447, we obtain a batterj', 
The copper of the first cell on the left hand is connected with the 
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line of the second; the copper of the second with the zinc of the 



third ; and S' 



1 to the end of the » 



If two wires of the saiue metal be connected, one wiUi the first ztnc 
and the other with the last copper, the difference of potentia] be- 
tween these wires is independent of the particular nwtal of whkh 
they aro conipoeed, and is called the electro-motive force of the 
battery. Its amount can be measured by means of Thwnson's quad- 
rant electrometer; and in appl^'ing this test, it is not necessary that 
the wires which connect tbe battery with the electrmneter shoutJ 
be of the same metal; for, whatever metals these wines nuiy be eom- 
posed of, the quadrants of the electrometer will (l^ Ia«r (4) abore) 
assume the same potentials as if in direct contact with ifae plates of 
the batt^iy. 

The cine of the first and the copper of tbe last cell ^or wires pno- 
ceediug irosa them) are called the rUctrodes or poles oi tbe faaUevj. 
tbe one being the negative and the copper the positive electrode. 
The current Hows through the competing wire &om the positiTe to 
tbe negative electrode, and is fon*d through tbe battery from the 
negati'.-e to the positive. 

G9& Q«lTaii's ffisovreiies. — About the year 17S0, G&lvaiu. [wofeseor 
of anatomy at Bologna, had his attention calkd to tbe 
that some zecently Aiwwii Erogs, lying on a table oear an i 
machine, mo^'ed as if afive, oo sf«dcs beii^ drawn from the 
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Stnick with the apparent connection thus manifested between elec- 
tricity and vital action, he commenced a aeries of experiments on the 
effects of electricity upon the animal system. In the course of these 
experiments, it so happened 
that, on one occasion, several 
dead frogs were hung on an 
iron balcony by means of cop- 
per hooka which were in con- 
tact with the lumbar nerves 
and the legs of some of them 
were observed to move con i 
vulsively. He succeeded m 
obtaining a repetition of these 
movements by placing one ot 
the frogs on a plate of iron 
and touching the lumbal 
nerves with one end of a cop 
per wire, the other end ot 
which was in contact with the 
iron plate. Another mode of 
obtaining the result is represented in Fig. 448, two wures of differ- 
ent metals being employed which touch each other at one end, 
while their other ends touch respectively the lumbar nerves and the 
ci'ural muscles. Every time the contact is completed, the limb is 
convulsed. 

Galvani's explanation was, that at the junction of the nerves and 
muscles there is a separation of the two electricities, the nerve being 
positively, and the muscle negatively electrified, and that the con- 
vulsive movements are due to the establishment of communication 
between these two electricities by means of the coBnecting metals, 

Volta, professor of physics at Pavia, disproved this explanation by 
showing that the movements could be produced by merely connect- 
ing two parts of a muscle by means of an arc of two metals; and he 
referred the source of electricity not to the junction of nerve and 
muscle, but to the junction of the two metals. Acting on this belief, 
he constructed in the year 1800 a voltaic pile. 

fi99. Voltaic Pile, — This consisted of a series of discs of copper, zinc, 
and wet cloth, c. z, d. Fig. 449, arranged in uniform order, thus^ 
copper, zinc, cloth, copper, zinc, cloth . . . the lowest plate of all 
being copper and the hitjhest zinc. Tlie wet cloth was intended 
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[■ eouroniie de taaaea (crown of cups), consisting of a aeries of cups 
I arranged in a circle, each containing salt water with a plate of silver 
I or copper and a plate of zinc immersed in it, the silver or copper of 
each cup heing connected with the zinc of the nest, with the excep- 
tion of the extreme plates. The last plate in liquid at each end of 
the series was connected with a plate of the other metal in air. 
These two plates in air are now known to be useless, and are omitted 
^ in the figure. 

701. Trough Battery. — Mon- convenient arrangements, equivalent 
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1^ 
to the couronne de taases, were soon introduced. One of these, 
devised by Cruickahank, is represented in Fig. 452, consisting of a 
rectangular box, called a trough, 
of baked wood, which is a non- ttiv ~*s>, 

conductor of electricity, divided 
into compartments by partitions 
consisting of a plate of zinc 
id a plate of copper soldered 
'together. Dilute acid is poured 
into these compartment. 

702. Wollaston's Battery. — In 
WoUaston's battery, the plates 
■ere suspended from a single 
lorizontai bar, by means of 
which they could all be let down - ' ^ 

into the acid, or lifted out of it 
together. The liquid was con- 
tained either in compartments 
of a trough of glazed earthen- 
ware, with partitions of the same material, or in separate vessels aa 
shown in Fig. 454. The plates were double-cnppered; that is to say, 
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(bey wnaisted of a zmc pUte witli a eoppo- plate bent roand ii a 




both sides {Fig. 453), contact between them being prevented by 
pieces of wood or cork. 

703, Hare's Defla^&tor. — For some purposes it is more important 
to diminish the resistance of a cell, or, in other words, to facilitate 
the conduction of electricity between the zinc and the copper plate, 
than to increase the elec- 
tro-motive force by multi- 
plying cells. The helical 
arrangement devised by 
Hare of Philadelphia (Fig. 
455) is specially adapted 
to such purposes. It con- 
sists of two very large 
plates of zinc and copper 
rolled upona central cylin- 
der of wood, and prevent- 
ed from touching each 
other by pieces of cloth or 
twine inserted between 
.'.Driiigrstar. **e™- I' is plunged in 

a tub of acidulated water, 
as represented in the figure. From the remarkably powerful heat- 
ing effects which can be obtaiaed by the use of this cell, it ia called 
Harm's defiam'atoT. 
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704. Polarization of Plates. — All the forms o£ battery which we 
I have thus far described, are liable to a rapid decrease of power, owing 
I to causes which are partly chemical and partly electrical. 

The chemical action which takea place in each ceU consists 
primarily in the formation ot sulphate of zinc, at the expense of the 
zinc plate, the sulphuric acid, and the oxygen of the water with 
which the acid is diluted, the hydrogen of the water being thus 
liberated. As this action proceeds, the liquid becomes continually 
leas capable of acting powerfully on the zinc. Again, a portion of 
the zinc which has been dieaolved becomes deposited on the copper 
plate, thus tending to make the two plates alike, and so to destroy 
the current, which essentially depends on the difference between 

I them. 
But the most important cause of all is to be found in what is called 
the polarization of the copper plate; that is to say, in the deposition 
of a film of hydrogen on the surface of the plate. This film not only 
interposes resistance by its defect of conductivity, but also brings to 
bear an electro-motive force in the direction opposed to that of the 
current. 
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phate of copper are suspended in it near its surface by means of a, 
wire basket of copper. The effect of this arrangement is, that the 
hydrogen is intercepted before it can arrive at the copper plate, and 
the deposit which takes place on the copper plate is a deposit of 
copper, the hydrogen taking the place of this copper in the saturated 
solution. 

The current given by a battery of these cells remaina nearly con- 
stant for some hours. 

In the figure, the copper plate C is represented as a cleft cylinder 
occupying the interior, with the crystals of sulphate of copper piled 
up round it. The entire cylinder surrounding these is the porous 
partition, outside of which is the cleft cylinder of zinc Z, the whole 
being contained in a vessel of glass. 

It is more usual in this country to dispense with the glass vessel, 
and interchange the places of the zinc and copper in the figure, the 
copper plate being a cyliudrical ve.ssel o£ copper containing the 
saturated solution. In this is immersed the porous vessel containing 
the other fluid with the zinc plate immersed in it. The cells thus 
constmcted are usu- 
ally arranged in square 
compartments in a 
wooden box. 

706. Bansen'B Bat- 
tery, — The battery 
which in now perhaps 
most extensively used 
for class experiments 
is that which was in- 
vented by Eunsen in 
1843, being substanti- 
ally identical with one 
previously invented 
by Grove, except that 
carbon is substituted 
for platinmn. 

The usual construc- 
tion of its cells ia very 
clearly represented in Fig. if>7, and the mode of connecting 
them in Fig. 458. The cleft cylinder is the zinc plate, which 
is immersed in dilute sulphuric acid. Within this is the porous 
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, similar to DauieU's, containing Mrong nitric acid, in 
I is immersed a rectangular prism, of a verj densa kind of 
' charcoal, obtained from the interior of the retorta at gaa-worka, being 
I deposited there in the manufacture of gaa. 
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In this cell the hydrogen is intercepted on ita way to the carbon 
plate by the nitric acid, with which it forma nitrous acid- 
Grove's battery posfie.s8es some advantages over Bunsen's; but its 
first cost is much greater. 

707. Amalgamated Zine, — Wlien the poles of a battery are insulated 
from one another, there ought to be no chemical action in the cells. 
Any action which then goes on is waateful, and is an indication that 
unproductive consumption of zinc goes on when the current is pass- 
ing, in addition to the consumption which is necessary for producing 
the cuiTent. This wasteful action, which is called local action, goes 
on largely when the zinc plates are of ordinary commercial zinc, but 
not when they are of perfectly pure zinc. In this respect amal- 
gamated zinc behaves like pure zinc, and it is accordingly almost 
universally employed. The amalgamation, which must be often 
renewed in the case of a battery in constant use, is performed by 
first cleaning the zinc plates with dilute acid, and then rubbing them 
with mercuiy. 

708. Dry Pile: Bohnenberger's Electroscope. — For telegraphic pur- 
poses in this country, a battery is vety commonly employed in which 
sand or sawdust, moistened with acidulated water, separates the zinc 
and copper plates of each cell. 

The other forms of battery which have been devised are exceed- 
ingly numerous, and new forms are continually being introduced. 
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A dry pile, bailt up on the general plan of Volta's moist pile, was 
devised bj De Luc, and improved bj ZunbonL In ZunbooTs oon- 
stmedon, sheets of paper are prepared by pasting finehr laminated 
zinc or tin on one side, and rubbing black oxide of manganese on the 
other. Discs are punched out of this paper, and piled up into a 
eohmm, with their similar sides all facing the same way, to the 
number of a thousand or upwards, and are well pressed together. 
The differmee of potential between the two ends is sufficient to 
produce sensible divergmce of the gold-leaves of an electrosec^, but 
the quantitr of electridtj which can be developed in a given time is 
ezceedinglj smalL Xo pile or battery can generate a sensible cur- 
rent, except by a sensible consumption of its materials in the dhape 
o/ikemical aetion. 

A veiy delicate gold-leaf electroscope was devised by Bohnen- 
befger, consisting of a single leaf suspended between the two poles 
of a dry pile, which for this purpose is arranged in two columns 
connected below, so that the poles are at the sunmiits. If their lower 
ends, which form the middle of the series, be connected with the 
earth, one pole will always have positive, and the other negative 
potentiaL A very slight charge, positive or negative, given to the 
gold-leaf by means of the knob at the top of the case, suffices to make 
it move to the negative or the positive pole. 
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709. (Ersted'B Experiment. — The discovery by the Danwh philo- 
sopher CKrsted, in 1S19, that a magnetized needle could be deflected 
by an electric current, wai jiisfcly regarded with intense interest by 
the scientific world, as affording the first indication of a definite rela- 
I tion existing between magnetism and electricity. 

CErsted's experiment can be repeated by means of the apparatus 
Irepresented in Fig. 459. Two insulated metallic wires are placed 
Km the magnetic meridian, one of them above, and the other below a 
magnetized needle. K a 
current be sent through 
one of these wires, the 
needle will be deflected; 
and if the current be 
strong, the deflection will 
nearly amount to a right 
angle. The direction of 
the deflection will be re- 
versed if the current be 
passed through the lower 
instead" of the upper wire. It will also be reversed by reversing the 
direction of the current. In the figure, the current is supposed to 
be passing above the needle from south to north. In thb case the 
north end of the needle moves to the west, and the south end to the 
east. On making the current pass in various directions, either 
horizontally, vertically, or obliquely, near one pole of the needle, it 
will be found that deviation is always produced except when the 
plane containing the pole and current is perpendicular to the length 
, of the needle. 
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710. Ampere's Sole. — The direction in which either pole of a needle 
18 deflected by a current, whatever their relative positions may be, 
18 given by the following rule, which was first laid down by Ampfere. 
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Imagine an observer to be so placed that the current passes through 
' him, entering at his feet and leaving at his head^th^i the deflection 
of a north-seeking pole will be to his left. The deflection of a south- 
seeking pole will be in the opposite direction. The two figures 460, 
461 illustrate the application of this rule to the two cases just con- 
sidered. The current is supposed, in both cases, to be flowing from 
south to north. A is the austral or north-seeking pole of the needle, 
and B the boreal or south-seeking pole. 

711. lanes of Kagnetie Force due to CnrrenL — ^The relation between 
currents and magnetic forces may be more _ 

precisely expressed bv saying that a cur- 
rent flowing through a straight wue pro- 
duces circular lines of force, having the 
wire for their commcm axis. A pole of a 
magnet placed anywhere in the neighbour- 
hood of the wire, experiences a force tend- 
ing to urge it in a dreular path round the 
wire, and the direction of motion round the 
wire is opposite for opposite pole& Fig. 
462 represents three of the lines of force 
f <^ a north-seeking pole, due to a current 
flowing through a straight wire frcnn the 
end marked + to the end marked - . The 
lines of force are circles (shown in perspec- 
tive as ellipses), having their centre at a 

pcHnt C in the wire, and having their plane perpendicular to the 
length of the wire. The arrows indicate the direction in which a 
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north -seeking pole will be urged. This direction is from right to 
left round the wire as seen from the wire itself by a person with his 
feet towards + and his head towards - , according to Ampfere's rale. 
The figure may be turned upaide down, or into any other position, 
and will still remain true. 

713, Reaction of Magnet on Current. — Wliile the wire, in virtue 
of the euirent Mowing up through it, urges an austral pole from A 

towards A' (Fig. 463), it is itself urged in 

the opposite direction C C. If an observer 
be in imagination identified with the wire, 
the current being supposed, as in Ampfere's 
rule, to enter at his feet, and come out at 
his head, the force which he wiU experi- 
ence from a north-seeking pole directly in 
front of him will be a force to his right. 
It wi!l be noted that the magnetic influ- 
ence which thus urges him to the right, 
would urge a north-seeking pole from his 
front to his back. A conductor conveying 
a current is not urged along Ivnea of mag- 
netic force, but in a direction which is at 
'''^ "'^ni'mnt';""" "" fight a/tigles to them, and at the same time 

at right angles to its own length. 
713. Numerical Estimate of CurreatB. — The numerical measure of 
a current denotes the quantity of electricity which flows across a 
'fiection of it in unit time. It is sometimes called strength of current, 
Bometimes, especially by French writers, i-niensity of current, some- 
times simply current or amount of current. If a thin and a thick 
wire are joined end to end, it has the same value for them both; just 
as the same quantity of water flows through the broad as through 
the contracted parts of the bed of a stream. Hence the name inten- 
^ty is obviously inappropriate, for, with tlie same total quantity of 
electricity flowing tlirough both, the current is, properly speaking, 
more intense in the thin than in the thick wire. 

Currents may be measured experimentally by various teats, wliich 
are found to agree precisely. The most convenient of these for 
general purposes is the deflection of a magnetized needle. The force 
which a given pole experiences in a given position with respect to 
wire conveying a current, ia simply proportional to the current. 
Hence the name strength of cui'runt admits of being interpreted in a 
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BGiiae eorrespondiiig to that ia which we speak of the strength of a. 
pole. lastTumenta for measaring correats by means of the dedec- 
tkma which they prodace in a magnetized needle are called gaivano- 
mderB. 

714. Sine Qalvanometer. 
— The sine galvanometer, 
which was invented by 
Pouillet, is represented in 
Fig. 464. The carrent which 
13 to be measured traverses 
a copper wire, wrapped 
round with alk for insula- 
tion, which is carried either 
once or several times round 
a vertical circle; and this 
circle can be torned into 
any position in azimuth, 
the amount of turning be- 
ing indicated on a horizon- 
tal circle. In the centre of 
the vertical circle, a decli- 
nation needle is mounted, 
surrounded by a horizontal 
circle for indicating its 
position, this circle being 
rigidly attached to the ver- 
tical circle. Suppose that, before the cuirent is allowed to pass, both 
the needle and the vertical circle are in the magnetic meridian, and 
that the needle consequently points at zero on its horizontal circle. 
On the current passing, the needle will move away. The vertical 
circle must then be turned until it overtakes the needle; that is, 
until the needle again points at zero. This implies turning the 
circles through an angle a equal to that by which the needle finally 
deviates from the magnetic meridian. In this position the terrestrial 
couple tending to bring back the needle to the meridian is propor- 
tional to sin a (§ 679). The forces exerted upon the two poles by 
the current are perpendicular to the plane of the vertical circle, and 
are simply proportional to the current. Hence, in comparing different 
observations made with the same instrument, the amounte of current 
are proportional to the sines of the deviations. 
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715. Tangent Oalv&nometer. — The tangent galvanometer, which is 
r simpler in its construction and use, and is much more frequently 
I employed, consists of a declination needle mounted in the centre of 
L a vertical circle whose plane always coincides with the magnetic 
I meridian, the length of the needle being small in comparison with 

the radius of the circle. 

Let o (Fig. 46o) be the centre of suspen- 
sion, a b the initial position of the needle, 
and a'b' its deflected poBition, The force F 
exerted on either pole by the current is sen- 
sibly the same at a' as at a on account of 
the smallness of the needle, and it acts in 
the direction I h, while the horizontal force 
of the earth upon the pole acts along a'm; 
and these two forces give a resultant along 
a'. Hence, taking the triangle ola as the 
triangle of forces, the force exerted by the current is to the 
horizontal force exerted by the earth as la' to ol, or as Imi a to 
unity; that is, the cuirent is proportional to the tangent of the 
deflection. 

In order to permit the delation of the short needle to be accu- 
rately read, a long pointer is attached to it, usually at right angles, 
e two ends of which move along a fixed horizontal circle. 

716. Hnltiplier, — The idea of carrying a wire several times round 
a needle in a vertical plane is due to 
Schweiger. The form of apparatus de- 
signed by him, called Schweiger'a mul- 
tiplier, is represented in Fig. 466. The 
name multiplier is derived from the 
fact that, if the current is not sensibly 

t-~^4fflBp( "V diminished by increasing the number of 

\ jij convolutions of wire through which it 
^ ' has to pass, the force exerted on the 
Fis.4M.-SchwrtgCT'iMuiupiier. needle is n times as great with n convo- 
lutions as with only I, since each con- 
ilution exei-ta its own force on the needle independent of the rest. 
ises, however, frequently occur in which the increased resistcmce 
introduced by increasing the number of convolutions outweighs the 
advantage of multiplication, so that a short thick wire with few 
^Wnvolutions gives a more powerful eflect than a long thin wire 
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with many. This is especially the case with thermo-electric cur- 
rents. 

The difference between the rectangular and the circular form is 
merely a matter of detail. Whichever form be adopted, all parts of 
the coil contribute to make the needle deviate in the same direc- 
tion. For instance, in Fig. 467, if the 
current proceeds in the direction indi- 
cated by the arrows, the application of 
Ampere 8 rule to any one of the four 
sides of the rectangle shows that the 
austral pole a will be urged towards 
the front of the figure. When the coil 
is circular, and the needle so small that 

each pole is nearly in the centre, equal lengths of the current, in 
whatever parts of the circle they may be situated, exert equal forces 
upon the needle, and all alike urge the poles in directions perpendi- 
cular to the plane of the coiL 

717. DifTerential Galvanometer. — The coil of a galvanometer some- 
times consists of two distinct wires, having the same number of 
convolutions, and connected wdth separate binding screws. This 
arrangement allows of currents from two distinct sources being sent 
at the same time round the coil either in the same or in opposite 
directions. In the latter case, the resultant effect upon the needle 
will be that due to the difference of the two currents; and if they 
are not exactly equal, the direction of the deflection will indicate 
which of them is the greater. An instrument thus arranged is called 
a differential galvanometer. 

718. Astatic Needle. — The sensibility of the galvanometer is greatly 
increased by employing what is called an astatic needle. It consists 
of a combination of two magnetized needles with their poles tv/med 
opposite ways. The two needles are rigidly attached at different 
heights to a vertical stem, and the system is usually suspended by a 
silk fibre, which gives greater freedom of motion than support upon 
a point. On account of the opposition of the poles, the directive 
action of the earth on the system is very feeble. If the magnetic 
moments of the two needles were exactly equal, the resultant moment 
would be zero, and the system would remain indiffer^itly in all 
azimuths. 

One of the needles a b (Fig. 468) is nearly in the centre of the coil 
CDEF through which the current passes. The other a' 6' is just 
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I above the coil. Wlien a cuiTent traverses the coil in the direction 
r of the arrows, the action of all parts of the current upon the lower 
I needle tends to urge the austral pole a towards the hack of the 
figure, and the boreal pole b to the front. 
The upper needle a'b' is affected principally 
hj the cun'ent in the upper part CD of the 
coil, which urges the austral pole a' to the 
front of the figui'e, and the boreal pole b' to 
the back. Both needles are thus urged to 
rotate in the same direction by the current, 
and as the opposing action of the earth ia 
I greatly enfeebled by the combination, a much larger deflection is 
I obtained than would be given by one of the needles if employed 
I alone. 

If the two needles had rigorously equal momenta, the system would 
be said to be perfectly 
[(static. The smallest 
current in the coil would 
then suffice to set the 
needles at right angles to 
the meridian, and no 
measure would be ob- 
tained of the amount of 
cuiTent. 

Pig. 469 represents an 
a.static galvanometer, as 
usually constructed. The 
coil is wound upon an 
ivory frame, which sup- 
ports the divided circle 
in whose centre the up- 
per needle is suspended. 
The ends of the coil are 
connected with two bind- 
ing screws, for making 
Iconnection with the wires which convey the current to be measured. 
J The needles are usually two sewing- needles, and the upper one 
I often carries a light pointer. The suspending fibre is attached at 
■its upper end to a hook, which can be raised or lowered, and when 
I'the instrument ia not iu usp tluH in lownrfd till thf upper needle 
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rests upon the plate beneath it, so as to relieve the fibre from strain. 
In using the instrument care must be taken to adjust the three level- 
ling-screws so that the needle swings free. 

719. Thomson's Mirror Galvanometer. — The most sensitive galvano- 
meter as yet invented is the mirror galvanometer of Sir W. Thomson. 
Its needle, which is very short, is rigidly attached to a small light 
concave mirror, and suspended in the centre of a vertical coil of very 
small diameter by a silk fibre. A divided scale is placed in a hori- 




Flg. 470.— Mirror and Scal& 

zontal position in front of the mirror, at the distance of about a 
yard, and the image of an illuminated slit, which is thrown by the 
mirror upon this scale, serves as the index. The arrangement of the 
mirror and scale, which is the same as in the case of the quadrant 
electrometer described in a previous chapter, is exhibited in Fig. 
470. M is the mirror of silvered glass, slightly concave, with a 
small piece of magnetized watch-spring attached to its back, the two 
together weighing only a grain and a half, and suspended by a few 
fibres of unspun silk. A A is a divided scale forming an arc of a 
horizontal circle about the mirror as centre. Immediately below the 
centre of this scale is a circular opening S with a fine wire stretched 
vertically at the back of it. A parafl^e lamp L is placed directly 
behind this opening, so as to shine through it upon the mirror, which 
is at such a distance as to throw upon the screen a bright image of 
the opening with a sharply-defined dark image of the wire in its 
centre. The image of the wire is employed as the index in taking 
the readings. 

In order to obviate the necessity of keeping the needle in the 
meridian, with the lamp east or west of it, and to admit of other 
positions which may be more convenient, a magnet M (Fig. 471) is 




provided which can be raised or lowered, and can also be turned 
. round. When it ia low down it overpowers the earth's magnetism, 
■'iwd compels the needle to take any position that may be required. 

For maximum sensitiveness, the magnetic field around the needle 
■■flhould be made as weak as possible. For this pur- 
Spoae the needle should be placed in or not far 
from the meridian, and the magnet, after being 
Ktumed into such a position a.s directly to oppose 
pthe earth's action on the needle, should be raised 
[■ lowered till ita force is a very iittle leas or 
i greater than that of the earth. The operator in 
ftmaking the adjustment watches the vibrations 
fof the needle, as indicated by the movemeuta of 
the image on the scale, and knows that the force * 
on the neeiEe is diminishing when he sees the ' 
vibrations becoming slower. 

For use at sea the galvanometer is modified 
by fastening the supporting fibre of silk at both end?, so as to keep 
it tight, with the needle and mirror attached at its centre, care being 
taken to make the direction of the fibre pass through the common 
centre of gi'avity of the needle and mirror, in order that the rolling 
of the ship may not tend to produce rotation. In this form it is 
called the •ntai-ine galvanometer. 

730. Calibration of Galvanometer. — The deviations of the needle of 
a galvanometer, when large, are not proportional to the currents which 
. produce them. In order to be able to translate the indications of the 
I instrument into proportional measure, a preliminary investigation 
1 must be made, and its results embodied in a table. This has been 
I done in several ways. We shall merely indicate the method em- 
I ployed by Meltoni for deducing from the deflections of his galvano- 
I meter the amoimts of heat received by his thermo-pile. 

He placed two sources of heat opposite the two ends of the pile, 
I and allowed them to radiate to it, first one at a time, and then both 
I together. One of thein produced a deviation, say of 5°. and the other 
I of 10°, and when the two were acting jointly the deviation was 5°. 
I Since the latter number is the diflerence of the other two, the infer- 
I ence is that up to 10° the deflections are proportional to the amounts 
I of heat received. Melloni thus established that the proportionality 
I Bubsisted up to 20°. When the two sources separately produced 
I deflections of 20" ajid 25", and a deflection of 6° a jointly, he inferred 
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r quantity of electricity which jia.ssea. This velocity is equal to that 
acquired in the return raovtmeiit to zero; and this latter obviously 
follows the same law as the motion of a simple pendulum, for in 
both cases the effective force is proportional to the sine of the dis- 
placement. In the case of the pendulum, the square of the velocity 
acquired in the whole descent is proportional to the vertical height 
descended, and this vertical height multiplied by the diameter of the 
L circle in which the pendulum moves, is equal to the square of the 
I chord; hence, the velocity acquired is proportional rigorously to the 
[-chord, and approximately to the arc of descent if small. The 
I -same rule must hold for the needle; that is to say, the velocity 
I acquired must be proportional to the extreme displacement. The 
I quantity of elect lictty transmitted through the galvanometer coil by 
n inatantaiieoii^ discharge is therefore p^'oportional to tlie distance 
\to which tite needle amings. 

The proportionality of force to cuiTent might have been inferred 
I d jyriori from the consideration that, if we have two parallel wires 
I close together, conveying equal currents, the resultant force on a 
1 pole will be the sum of the forces due to each, and will therefore he 
(double of the force due to one alone. The force will not be altered 
I by allowing the wires to touch each other all along their length; 
I and in this position they form a single conductor conveying a doublt 
I current. 

723. The Galvanometer a True Ueaaurer of Current. — This reason- 
I ing assumes the principle that the force esertod by a current on a 
I needle is a true measure of the strength of the current (defined as 
I the quantity of electricity conveyed per imit of time); and con- 
I versely, the observed fact that, when known quantities of electricity 

■ are discharged through a galvanometer, the swings produced are 

■ proportional to these quantities, establishes the principle. The 
T experiment has frequently been made by discharging a condenser 
I (§ 628) which has been charged by a galvanic battery; and Fara- 
' day obtained a similar result with Leyden-jars which had been 

charged by a powerful frictional machine, the jars being discharged 
through a wet thread or string leading to the galvanometer. He 
found that the swing was independent of tliL' length and thickness 
of the thread or string, as well as of the number of jars employed, 

rand was proportional to the number of turns that had been given to 

] the electrical machine in charging the jars. 

734. Needle Deflected by Uotion of a Charged Body, — The question 
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has been raised whether the carrying of electricity by the motion of 
a charged body produces effects similar to those of a current flowing 
through a conductor, and in particular, whether it is capable of 
deflecting a magnetized needle. The matter has been put to the 
test by Professor Rowland of Baltimore, in an experiment performed 
at the laboratory of the Berlin University.^ 

The carrier of the electricity was a rapidly revolving horizontal 
disc of ebonite, gilt on both sides, and maintained in a high state of 
electrification by means of a fixed discharging point connected with 
one of the coatings of a battery of Leyden-jars. The needle to be 
deflected was suspended over it near its circumference, the length 
of the needle being perpendicular to the radius of the disc, so that 
the motion of the electricity beneath the needle was parallel to its 
length. Between the needle and the revolving disc, a larger fixed 
disc of glass, gilt on one side and connected with the earth, was 
interposed; and there was a similar disc on the lower side. The 
needle was one of an astatic pair, the other needle being at a much 
greater height; and both were inclosed in a brass case, to protect 
them from electrostatic influences. The deflection was observed by 
means of a mirror attached to the stem of the needles, and a telescope 
for viewing in the mirror the reflected image of a scale. The disc, 
which was 8J inches in diameter, revolved at the rate of about 60 
turns per second, and the deflections observed amounted to from 5 
to 7J divisions of the scale, the deflection being to the one side or 
the other, according as the charge of the disc was positive or nega- 
tive. The observations extended over several weeks, and conclusively 
proved, subject to small errors of observation and reduction, that the 
magnetic effect of carrying a charge of electricity is the same as that 
of the flow of the same quantity of electricity in the same time 
through a conductor. 

» See Phil, Mag. September, 1876, pp. 211-216. 
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725. Electrolysis. — When a current is passed through a compound 
liquid, decomposition is frequently observed, two of the component 
Bubstances being separated, one at the place where the current enters, 
and the other at the place where it leaves, the liquid. This decom- 
position is called electrolysis, and the substance decomposed or electro- 
lysed is called the electrolyte. The action only occurs in the case of 
I liquids, and these must be conductors. 
The process may be illustrated by the decomposition of water in 
the voltameter. This apparatus consists (Fig. 472) of a vessel con- 
taining acidulated water in which two strips of platinum are im- 
mersed, connected respectively with the two poles of a battery. 
When the connections are completed, bubbles make their appearance 
at the surfaces of the two strips, and rapidly rise to the surface. 
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These are bubbles of oxygen and hydrogen respectively, the former 
being evolved at the positive, and the latter at the negative strip. 
To complete the voltameter, inverted tubes must be provided for 
collecting the gases as the bubbles rise to the surface and burst. It 
will be found that the volume of the hydrogen is about double that 
of the oxygen. The presence of a little acid in the water serves to 
improve its conductivity, and according to the theories of Faraday 
and his contemporaries answers no other purpose. Pure water con- 
ducts so badly that its electrolysis is extremely difficult. The two 
platinum strips in the above arrangement are called the poles or 
electrodes of the voltameter. They may obviously be regarded as 
the poles of the battery. The direction of the current through the 
liquid is of course from the positive to the negative pole. The element 
which comes to the positive pole (oxygen) is called electro-negative, 
and that which comes to the negative pole (hydrogen) electro-positive, 
these names being based on the idea of attraction between electri- 
cities of opposite sign. 

726. Transport of Elements. — The positive element may be defined 
as that which travels with the current, and the negative element as 
that which travels against it. Hence Faraday calls the former the 
cation (signifying that which goes down), and the latter the anion 
(signifying that ivhich goes up), and instead of applying the name 
poles to the places where the current enters and leaves the liquid, he 
calls them the anode and cathode. The direction of the current 
through the liquid is from the anode to the cathode, the former being 
what is commonly called the positive pole, and the latter the nega- 
tive pole. When speaking of them jointly, he calls them the elec- 
trodes. 

It is a remarkable fact that the separated elements never make 
their appearance ex- 
cept at the electrodes, \ ^ 2 

Nothing is seen of ] QO ob 60. OQ OO 55 
them, nor is any ac- ' hj ^»LJ ^ ^» ^^ ^ 

, , , if i* y A' s* 

tion exhibited, at in- Fig. 478. -Grotthus' Hypothesis. 

termediate points. The 

appearance is as if the gases could vanish from one extremity and 
appear at the other without passing through the intermediate space. 
The only possible explanation of this phenomenon seems to be what is 
known as Grotthus' hypothesis, that all the particles of the water in 
the course of the current undergo continual decomposition and recom- 
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position. Thus if Fig. 473 represent a line of particles traversed by 
the current from left to right, there will be a continual stream of 
hydrogen-particlea along this line from left to right, and a stream of 
oxygen' particles from right to left. The hydrogen of molecule 1 will 
combine with the oxygen of molecule 2 to form a new molecule 1'; 
the hydrogen of molecule 2 will combine with tlie oxygen of mole- 
cule 3 to form a new molecule 2', and so on. The oxygen of mole- 
cule I is given off at the left-hand extremity, which we suppose to 
be the point of contact with one of the strips of platinum, and the 
hydrogen of molecule 6 at the other atrip. The molecules 1', 2', 3' . . . 
are then in their turn decomposed to form a new set. In actual cases, 
the number of molecules, in.stead of being only 6 as represented in 
the figure, is of course many millions. 

727. Electrolysis of Binary Compounds, — When a compound formed 
by the union of a metal with some other elementary sul:istance is 
submitted to electrolysis, the metal always comes to the negative 
pole. It was in this way that several of the metals were first 
obtained from their oxides by Sir Humphry Davy. Potassium, for 
example, was obtained by placing a piece of pota.sh on a platinum 
disc connected with the negative pole of a battery of 250 cells, and 
then applying a platinum wire connected with the positive pole to 
its upper surface. The potash, which had been allowed to contract 
a little moisture from the atmosphere, in order to give it sufficient 
conducting power, soon began to fu.se at the points of contact of the 
electrodes. A violent effervescence occurred at the upper or positive 
electrode; while at the lower surface small globules appeared resem- 
bling quicksilver, some of which instantly burst into flame, while 
others merely became tamisbed and afterwards coated over with a 
white film, 

Tlie earthy oxides, such as magnesia and alumina, are more diffi- 
cult of reduction than the alkalies potash and soda, and have never 
yet been electrolysed. The metals magnesium and aluminium have, 
however, been obtained by the electrolysis of their chlorides. 
Chloride of magnesium, for example, is melted by heating it to 
redness in a porcelain crucible, the upper part of which is divided 
into two compartments by a porous partition. Pieces of carbon are 
employed as the terminals of the battery, and are inserted one in 

Aocording to modem theorieB Cbe anion is not oxygen, aa here stated, hut a anapound 
of oxygen and iiilphur. (See S 726.) The eipluiation u it BtiuidB in tlie text reprewntc 
held by Faraday and his contempurarieii. 
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each of these compartments, the piece which is to serve as the nega- 
tive electrode being notched like the edge of a saw, with its teeth 
pointing downwards ready to intercept the metal in its upward 
courae — the metal being specifically lighter than its chloride. It was 
by the electric current that Deville in 1854 succeeded in preparing 
aluminium, which has exhibited such unexpected and interesting 
properties. 

For the electrolysis of binary compounds soluble in water, their 
solutions are frequently employed, but these should in general be 
highly concentrated. 

728. Electrolysis of Salts. — When a salt of any of the less inflam- 
mable metals is submitted to electrolysis, a continual deposition of 
the metal is observed on the negative electrode; while, at the positive 
electrode, oxygen is disengaged, and acid set free. These effects 
occur, for example, if platinum electrodes are plunged in a solution 
of sulphate of copper. If an oxidizable metal is employed as the 
positive electrode, the oxygen will combine with it instead of being 
given off. If the metal employed be copper itself, the oxide of 
copper formed will combine with the acid, and a quantity of sulphate 
of copper will be formed exactly equal to that which undergoes decom- 
position.' The solution thus remains constantly in the same state as 
regards saturation, and the copper deposited on the negative electrode 
is exactly compensated by that dissolved off the positive electrode. 

When a salt of one of the alkaline metals 
is electrolysed, the appearances presented 
are different from those which we have just 
been describing; and they for a long time 
received an erroneous interpretation. Let 
the tube represented in Fig. 474 be charged 
with solution of sulphate of soda coloured 
with syrup of violets. If the current be 
then passed, after the lapse of some time, 

jx- 'ii-L 1- j*x"LT 'J Fig. 474.— Decompositioii 

a red tmge will be observed m the hquid ^ of saits. 

around the positive electrode, and a green 

tinge around the negative. This shows the presence of free add 
at the positive and alkali at the negative pole. Oxygen is also 
found to be evolved at the positive and hydrogen at the negative 
pole. The interpretation for a long time given to these results was, 
that, in the electrolysis of a salt, the acid went to the positive and 
the base to the negative pole. In the case of a metallic salt, such as 
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sulphate of copper, it was supposed that the oxide of copper which 
forms the base, underwent a further electrolyaia, resulting in the 
appearance of the metal at the negative anil of the oxygen at the 
positive pole. This complicated hypothe.sis of two successive elec- 
trolyses is entirely gratuitous. It was in fact simply framed to suit 
the chemical theories which regarded a salt as the result of the union 
of an acid and a base. It is now believed that the electrolysis of 
sulphate of soda is single, that it consista in resolving the salt into 
sodium and an iinstable compound of sulphur and oxygen, SOj, to 
which the name of sulphion has Ireen given. The sodium unites 
with the oxygen of the water at the negative pole, thus forming aoda 
and liberating hydrogen; and the sulphion unites with the hydrogen 
of the water at the positive pole, forming sulphuric acid and liberating 
oxygen. These cliemical actions immediately consequent upon elec- 
trolysis are called secondary actions. 

739. Electrolysis of Water. — What we have just said of salts, applies 
equally to the oxygen acids. Thus in the electrolysis of sulphuric 
acid (SO3, HjO) the hydrogen, which is a kind of gaseous metal, 
goes to the negative pole, while the substance SOj goes to the posi- 
tive pole, and there unites with the hydrogen of the water to fomi 
the primitive compoimd, setting oxygen free. 

It is probable that what is called the electrolysis of water is really 
an indirect action of this kind; that, in fact, it is not the water, but 
the acid contained in it that is electrolysed, decomposition and recom- 
position of acid being in continual progress. 

Be this as it may, voltameters are frequently employed for the 
measurement of currents, from which use indeed they derive their 
name. This mode of measuring a cuiTent is due to Faraday. The 
quantity of electricity which passes is measured by the quantity of 
gaa evolved; and this is best determined by measuring the hydrogen, 
in the first place because of its greater volume, but still more because 
it is less liable than oxygen to be absorbed by water. It is important 
that the temperature at which the operation is conducted should not 
be too low; for if it be under 20° C, the water may become so 
strongly impregnated with oxygen as to be able to take up some of 
the hydrogen which ia separated at the negative pole, and reduce it 
again to the form of water. 

Voltameters have the disadvantage, as compared with galvano- 
meters, of introducing opposing electro-motive force into the circuit, 
as well as a large amount of r 
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780. Definite Laws of Electrolysis. — The following principles were 
completely established by Faraday's researches: — 

1. The quantity (i.e. mass) of a given electrolyte decomposed by a 
current is simply proportional to the quantity of electricity which 
passes through it, — in other words, is jointly proportional to the 
strength of the current and the time that it lasts; or, the rate of 
decomposition of a given electrolyte is simply proportional to the 
strength of current, and is independent of all other circumstances. 

2. The quantities (masses) of different electrolytes decomposed by 
the same quantity of electricity are directly as their chemical (or 
rather, electro-chemical) equivalents.^ 

These laws can be extended to the cells of the battery themselves, 
if we pay proper attention to the signs of the quantities involved. 
The essential difference between a cell of the battery and a decom- 
posing cell included in the circuit is, that the former contributes 
positive, and the latter negative electro-motive force to the circuit; 
and if one of the cells of the battery be reversed, so that the current 
travels through it not from zinc to copper as usual, but from copper 
to zinc, it immediately becomes a decomposing cell with electro- 
motive force opposing that of the circuit. The amount of chemical 
combination that takes place in a battery cell (or the excess of com- 
bination over decomposition, if both are going on, as in a Darnell's 
cell, where sulphate of copper is decomposed) is chemically equi- 
valent to the decomposition that occurs in any one decomposing cell 
in the same circuit. This is on the supposition that no local action 
(§ 707) is allowed to take place in the battery. Keeping Grotthus' 
hypothesis in view, we may therefore assert that the total chemical 
action is the same in amount for all sections of the current, whether 
these sections are taken in battery cells or in decomposing cells; but 
is oppo^te in sign, according as the sections are made across cells 
which assist, or which oppose the current by their electro-motive 
force. 

If a current generated by a battery consisting of several cells, 
arranged in a series, is passed through a succession of decomposing 
cells, one containing acidulated water, another chloride of lead, 
another protochloride of tin in a state of fusion, and another a con- 

^ This law applies directly, and without exception, to the decompositions effected by the 
direct action of the current. It is not always (though usually) applicable to the final 
results of electrolysis, when secondary actions come into play. In certain cases, for 
example, the final result will be exactly double what the law would give. 
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centrated solution of nitrate of silver, tlien for 65 parts by weight of 
I zinc dissolved in any one cell o£ the battery, 2 parts of hydrogen will 
be evolved from the acidulated water, and 207 parte of lead, 118 of 
I tin, and 216 of silver, from the other electrolytes respectively; these 
' numbers being proportional to the chemical equivalents of zinc, 
I hydrogen, lead, tin, and silver. 

The same substance in different states of combination may have 

I diflerent electro-chemieal equivalents. For example, in decomposing 

fen-ous chloride, 56 parts of iron are separated from 71 of chlorine 

for every 65 parts of zinc dissolved, so that here we have 56 parts of 

I iron equivalent to 65 of zinc; but in decomposing ferric chloride, 37^ 

I parts of iron (two-thirds of the former quantity) are separated from 

1 71 of chlorine for every 6.5 parts of zinc dissolved, so that here 

I 37^ parts of iron are equivalent to 65 of zinc In both eases 71 parts 

of chlorine ai'C equivalent to 65 of zinc. 

If several cells containing the same electrolyte are placed in dif- 

I ferent parts of the circuit, so as to be traversed in succession by th^ 

I same current, the same amount of decomposition will be effected in 

I them all; and this amount for each cell will be the full equivalent of 

the action in each cell of the battery. 

In order to effect a given amount of decomposition in a given cell, 
I with the smallest possible consumption of zinc in the battery, the 
I number of battery cells employed should be the smallest that will 
suffio* to effect the operation at all; in other words, the resultant 
electro-motive force in circuit should barely exceed zero. This is 
I obvious from considering that the quantity of electricity required to 
effect the given operation is irrespective of the number of cells of 
I the batteiy, and is absolutely constant. The quantity of zinc dis- 
I Bolved in each cell is therefore constant also, and hence the whole 
I zinc dissolved is proportional to the number of cells. If we employ 
I more cells than are necessary, we shall effect the required operation 
1 more quickly, but at the expense of an extra consumption of zinc. 
Time may be saved by increasing the number both of the decom- 
posing cells and of the battery cells. By doubling them both, we 
I shall double the electro-motive force and al.'so the resistance, so that 
I the current will be unaltei-ed. The chemical action in each cell will 
I therefore be the same as before; and as the number of decomposing 
I cella ia doubled, a double quantity of the given electrolyte is decom- 
I posed. 

731. Polarization of Electrodee. — When electrodes have been doing 
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duty for some time in the decomposition of an electrolyte, if we 
detach them from the battery, plunge them in a conducting liquid, 
and connect them extemaUy by a wire, we shall find that a current 
is circulating in the opposite direction to the original current. 

Suppose, for example, that the Bunsen battery M (Fig. 475) has 
been employed for electrolysing sulphate of potash by means of the 
electrodes A B, A being the positive, and B the negative electrode, 
so that the current flows through the decomposing cell from A to B. 
Now let the battery be removed, and the electrodes connected ex- 
ternally by the wire N. A current will now pass through the liquid 
froTa B to A, completing its circuit through the wire. 

The origin of this current can be explained in the following way. 
During the process of decomposition, potash coUecis on the electrode 





fig. 476.— Polarizatioii of Electrodea 

B, and sulphuric acid on the electrode A. When the connecting wire 
is substituted for the battery, the two substances which have been 
forced to separate begin to imite again; and as their tendency to do 
so produced an opposing electro-motive force while the direct current 
was passing, this tendency is now manifested in the actual produc- 
tion of a reverse current and reverse transport of elements. It is not 
necessary that the deposition of the two substances on the plates 
should have been brought about by electrolysis. A similar result 
will be obtained if the plates be coated with the two substances in 
any other way. 

782, Plante's Secondary Battery, — In secondary batteries, the re- 
verse electro-motive force called out by electrolysis is employed to 
produce a current. M. Gaston Plants employs cells each containing 
two leaden plates immersed in acidulated water, the plates being 
coiled together as in Hare's deflagrator (Fig. 466). If a current 
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I from an ordinary battery is sent for a few minutes through one of 
these cells, the cell, after being disconnected from the battery, is 

. found to have acquired the power o£ sending, through any conductor 
which may be used to connect its poles, a current opposite to the 
original current; and by connecting a number of such cells in series 
a very great electro-motive force may be obtained. 

M. Plants has devised a " rheostatic machine " by which the con- 
nections of some hundretis of these cells can be instantaneously 
altered. During the charging process, poles of the same name in 
the secondary cells are all connected together, one set being con- 
nected with the positive pole of the charging battery, and the othei- 
set with the negative pole, the charging battery being usually com- 
posed of two large Bunsen cells. When the process of charging is 
finished, a turn of a handle suffices to alter all the connections, so as 

I to arrange the secondary cells in aeries, and a battery is thus ob- 

, tained whose electro-motive force ia hundreds of times greater than 
that of the charging battery. 

733. Glro7e'8 Gas-Battery. — The electro-motive forces called out by 
the contacts of gases with metals are very directly exhibited in an 

I arrangement devised by Grove, called a gas-battery. 

Each cell of the battery consists of a vessel containing acidulated 
I water in M'hieh the lower portions of two platinum plates are im- 
I mersed, their upper portions being Kurrounded, one by oxygen, and 
I the other by hydrogen, inclosed in inverted tubes. Each tube has 
I a platinum wire passing througli its upper end and connected with 
I the inclosed plate. These wires are the terminals of the separate 
I cells; and in combining a number of cells into a batteiy, the oxygen 
I tube of one cell must be connected with the hydrogen tube of the 
I next. When the circuit is completed, a ciurent circulates, oppo- 
l site to that which would have evolved the gases from the acidu- 
lated water, and the quantity of gas in the tubes diminishes. Chemi- 
cal combination, in fact, goes on between the two gases of any one 
I cell, through the intervention of the acidulated water. The plates 
mployed in this battery are usually covered with a deposit of 
finely divided platinum, which increases the rapidity of the action. 

734. Chemical Relations of Electro-motive Force. — The energy of 
the ciurent produced by a battery is equal to the potential energy 
of chemical affinity which runs down in its production: and this 
latter is measured by the heat of combination due to the chemical 
action which goes on in the battery. If there are decomposing cells 
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in firriiitr thrrj tfmtnk^ixf: iK^&Jtiv^ lj»^at of t^jfaAmtiiMm, and there 
can be no carretkt tinI<i^Ai^ tfa^ U4al }««dkt of cocnijinadon for the whole 
m&nx }^ partitive. 

The ^n«^' of the camnt for a 2Tven time i* equivalent to the 
total heat of comMnation due to the stedon which takes place in 
tfci^ time: and if thL*i energy be divided by the qnantity of electricity 
erjnreyed by the carrent in the time, the quotient is called the dectro- 
tn/AiKe/orc^ of the circnit. 

The quantity of electricity conveyed bears a definite relation of 
eqoivalerice to the zinc dk^Jved in any one cell; and hence the 
elwtro-motive force of a cell is proportional to the heat of combina- 
tion doe to the action which takes place dnring the consumption of 
a given quantity of zinc This heat is about twice as great for a 
Orove*?i cell as for a Daniell, and hence the electro-motive force of 
the former u about double that of the latter. 

735. Eleetro-metaUuigj. — ^The applicat ons of electrolysis to the 
arts are numeroas and important. They are of two kinds. In one, 
the electrolytic deposit is intended as a permanent covering, and 
should a^lhere perfectly so as to form one mass with the body which 
it covers. In the other, the adhesion is temporary, and must not be 
too close, the object being merely to obtain an exact copy of the 
original fomL Electro-plating belongs to the former class; electrotype 
to the latter. 

736. Electro-^ding and Eleetro-platiiig. — The deposition of a 
coating of gold or silver on the surface of a less precious metal is 
merely an example of the electrolysis of a salt, as described in § 728. 
The metal in solution is always deposited on the negative electrode; 
hence we have merely to make the negative electrode consist of the 
article which we wkh to coat. The only points to be decided prac- 
tically relate to the means of making the deposit solid and firmly 
adherent. These ends have been completely attained by the 
methods patented about 1840 by Elkington in England and Ruolz 
in France. 

The solutions are always alkaline, and usually consist of the 
cyanide or chloride of the metal, dissolved in an alkaline cyanide. 

To prepare the gold bath, 50 grammes of fine gold are dissolved in 
aqua regia; and the solution is evaporated till it has the consistence 
of syrup. Water is then added, together with 50 grammes of 
cyanide of potassiimi, and the mixture is boiled. The quantities 
named give about 50 litres of solution. 
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The negative electrode consists of the article to be gilded. The 
positive electi'ode la a plate of fine gold, which constitutes a. soluble 
electrode, and serves to keep the solution at a constant strength. In 
order that the gilding may be well done, the bath must he main- 
tained, during the operation, at a temperature of from GO" to 70° 
Centigrade. 

Fig. 476 represents a form of apporatu.'i which is very frequently 
employed. The poles of the battery are connected with two metallic 
rods resting on the top of the cistern which contains the hath. The 
articles to be gilded are hung from the negative rod. From the 
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positive rod is h\mg a plate of gold, whose size should be propor- 
tional to the total surface of the articles which form the negative 
electrode. 

The silver bath is a solution containing 2 parts of cyanide of 
silver, 10 of cyanide of potassium, and 250 of water. The opera- 
tion of plating is the same as that of gilding, except tliat the 
apparatus is u.^ually on a larger scale, and that the temperature 
may be lower. 

In both cases the surfaces to be coated must he thoroughly 
, cleansed from grease. For this purpose they are subjected to the 
[ processes of pickling and dipping, which we cannot stay to describe. 

Other bodies, as weU as metals, can be coated, if their surfaces are 
first covered with some conducting material. Baskets, fruits, leaves, 
5;c, have thu.s been gilded or silvered. 

Similar processes are employed for depositing other metaLs, of 
which copper is the most frequent example. 

737. Electrotype. — Electrotyping consists in obtaining copper casts 
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or {aC'tumiles of medals, engraved plates, &c., hy means of electrolytic 
deposition. The first successful attempts in this direction were made 
about 1839 by Jacobi at St. Petersburg and Spencer in England. 
The art is now very extensively practised. 

If a fac-simile of a medal is required, a cast is first taken of it, 
either in fusible alloy, plaster of Paris, or gutta percha softened by 
heating to 100° C, this last material being the most frequently 
employed. The fusible alloy is a conductor; the other materiab are 
not, and their surfaces are therefore rendered conducting by rubbing 
them over with plumbago. The mould thus prepared is made to 
serve as the negative electrode in a bath of sulphate of copper, a 
copper plate being used as the positive electrode. When the current 
passes, copper is deposited on the surface of the mould, forming a 
thin sheet, which, when detached, is a fac-simile of one side of the 
original medaL A similar process can be applied to the other side, 
and thus a complete copy can be obtained. 

In operations of this kind, Uie bath itself is often made to serve as 
the battery. Fig. 477 represents such an arrangement. 

In the interior of a vessel contain- 
ing a saturated solution of sulphate ol 
copper, a second vessel is supported, 
consisting either of porous earthen- 
ware or of a glass cylindei closed 
below by a membrane. In. this second 
vessel is placed acidulated water, with 
a cylinder of zinc suspended in iL 
The mould is placed in the outer 
vessel under the bottom of the porous 
cylinder, and is connected with the 
zinc by a stout wire which completes the circuit The arrange- 
ment is evidently equivalent to a Daniell's celL The current passes 
through the liquids from the zinc to the mould, electrolysing the 
solution of sulphate of copper ; and as the metal travels with the 
current, it is deposited on the surface of the mould. The strength 
of the solution is kept up by suspending in it crystals of sulphate of 
copper contained in a vessel pierced with holes. 

738. Applications of Electrotype. — One of the commonest applica- 
tions of electrotype is to the production of copies of wood engravings. 
The original blocks, as they leave the hand of the engraver, could not 
yield a large number of impressions without being materially injured 
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by wear. When many impressions are required, they are not taken 
directly from the wood, but from an electrotype taken in copper from 
a gutta-percha mould. The process of deposition is continued only 
for twenty-four hours, and the plate of copper thus obtained is very 
thin. It is strengthened by filling up its back with melted type- 
metaL Such plates will afford about 80,000 impressions, and it is 
from them that nearly all the illustrations in popular works are 
printed. Postage stamps, which must be exactly alike in order to 
prevent counterfeits, are also printed from electrotypes; and, on 
account of the great number of impressions required, the electrotypes 
themselves need frequent renewal; but the operations necessary for 
this purpose do not sensibly injure the original 

Copperplate engravings and even daguerreotypes can be very 
accurately reproduced in copper. No preparation of the surface is 
necessary, as the thin film of oxide which is present is quite sufficient 
to prevent the deposit from adhering too closely. 

Qasaliers are usually of cast-iron coated with copper by electro- 
lysis. The copper is not, however, deposited on the surface of the 
iron, as the contact of the two metals would greatly promote the 
oxidation of the iron, if any of it were accidentally exposed to the 
air. The iron is first painted over with red-lead, which, when dry, 
is covered with a very thin layer of plumbago to render it conduct- 
ing; and it is on this that the copper is deposited 
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739. Statement of Ohm's Law. — The strength of the current which 
tmvoiNt^s a oiixniit doponils partly on the electro-motive force of the 
so\uxv ot olootrioity» ami jvartly on the resistance of the circuit. For 
tHjvml i\\Hist^M\iHv^» it is [>i\>portional to the whole electro-motive force 
U^uvHu^j to umiut-ain iho ournnit, and for equal electro-motive forces 
it is invoi'solv *vs the whole ivsistanee in the circuit. Hence, when 
jm^jnn* xuutvS aro cluvsou for expressing the current C, the resist- 
wuv U^ aiul tht> olootiwmotive force E, we have 

\vr 'i^ \'^nY(^t ♦V if\fiMl to the 4tl^'fn>-motive forof divided by Ike 
*>^K<R>»vVv This is Ohms law. so called fiom its discoverer. 

74lX Sxplaaalictt of the term Electro-motiTe Foree. — ^We have 
JJ^iw^HKiv -v§ TSi'k detiiuxi eloctrv^niotive foivv as the qooti^mt of the 
^«^<4fv::v of a \Him^\i by the quantity ot elev*trii:ity whkh h conveys^ 
T^ vWdjihiv^i Utt{>litft> that electiv>-mv>uve fowe k a qitanthy dP the 
:Sfc:Ki>f^ :a*5:;x^ *s vuiS>rv^KV v>f pvHenual: for vkea eAeetricinr passes 
i^ottt , cr^ H\^^.x*^vir iiv,> aiK^KiT. ihn* wv«k dooe in the patssa^ fc equal 
V lij^ c^^aix^E'v cf <I^xMjrtc:iiy luultripiirevi by the ^fiiBfeDsniM- o£ p^teo- 

^K'iifJt ji >a>e^y v^^rr^iitr 5< 5o w:::^ irijvxatA a ^"raai? coRnili^ tbece 
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liiese abrupt transitions occur at tlie junetiona of dissimilar metala, 
i view which waa originally propoiinded by Volta, who appears, 
jbowever, to have overlooked the essential part played by chemical 
wmbination in supplying the necessary energy. 

If we imagine a large and deep trough of water of annular form, 
divided into compartments by transverse partitions; and suppose a 
2'Ponstant difference of level to be maintained on opposite sides of each 
jartition, by steady pumping of water from each compartment to 
! nest; we have a rough representation of the distribution of 
wtential in the cells of a battery; the rise of level in passing across 
i partition being analogous to the rise of potential in traversing a 
Oietallic junction. 

The electro-raotive force of a galvanic battery may be defined as 
iie algebraic sum of the abrupt differences of potential which occwr 
i the jv/netions of dissiTn/liofr substa/nces. In a battery consisting 
f a number of similar cells arranged in aeries, it is of course pro- 
portional to the number of cells. 

741, Explanation of the term Besistance. — When the current of a 

circuit is taken through the coil of a galvanometer, it is found that, 

by introducing different lengtlis of connecting wire, very different 

amounts of deflection can be obtained. The longer the wire which 

connects either pole of the battery with the galvanometer, the smaller 

i the deflection; and a small deflection indicates a feeble current. 

Tie current is in like maimer weakened by introducing a fine 

istead of a stout wire, if their length and material be the same, or 

/ introducing an iron wire instead of a copper wire of the same 

Ijmensions. These differences in the properties of the different 

s are expressed by saying that they have different resistances. 

It is found that, to produce no change in the deflection, the 

pength of the wire must vaiy directly as its cross -secti on ; that is to 

lay, if i, i', r . . . . be the lengths of difl'erent wires employed, and 

, their sectional areas, their resistances will be equal, if 



tiis is on the supposition that the wires are all of precisely the same 
material. Every substance has its own specific resistance, the recip- 
rocal of which is its electrical conductivity and is precisely analogous 

to thermal conductivity. Denoting specific resistances by r, r", r" 

f the condition of equal resistances, when the materials are difierent, ia 



and the resistance of any wire is expressed hj the foimnla — , I 
denoting its length, s its Bectioual area, and r the specific resistance 
of its materiaL 

To ezpre^ta, in terms of the equivalent length of one wire, the 
resistance of a circuit composed of several, we can employ the 
relation 

' --r; whence l=*-V. 



I denoting the length of one kind of wire equivalent to the length T 
of the other. The length I is called the reduced length of the wire 
whose actual length is I'. 

742. Rheostat. — Wheatstone'a rheodai was one of the earliest 
instruments contrived for the comparison of resistances. It consists 
(Fig. 478) of two cylinders, one of brass, and the other of nwi-con- 
ducting material, so arrat^ed that a copper wire can be wound off 
_ the one on to the other by 

turning a handle. The sur- 
face of the non-conducting 
cylinderB has ascrew-thread 
cut in it, for its whole length, 
in which the wire lies, so 
that its successive convolu- 
tions are well insulated from 
each other. Two binding- 
screws are provided iar in- 
troducing the rheostat into 
a circuit; and the resistance which is thus introduced depends on 
the length of wire which is wrapped upon the non-conducting 
cylinder, for the brass cylinder A has so large a section that its 
resistance may be neglected. The amount of resistance cwi thus be 
varied as gradually as we please by winding on and off. The 
handle can be shifted from one cylinder to the other. The figure 
shows it in the position for winding wire off A on to B. The num- 
ber of convolutions of wire on B can be read off on a graduated bar 
provided for the purpose, Mid parts of a revolution are indicated on 
a circle at one end. 

Fig. 479 represents a very direct mode of measuring resistances 
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I by the rheostat. The current traverses a galvanometer E, a rheostat R, 

\ and the conductor m, whose resistance is to be measured, the whole 

I of the wire o£ the rheostat 

I being wound on the brass 

I cylinder. The deflection 

I of the galvanometer hav- 
been observed, the 

\ conductor m is taken out ' 

I of circuit, the two wires 
at a and 6 are directly 
connected, and as much 

I of the rheostat wire is 

, brought into circuit as suffices to reduce the deflection to its former 
amount. 

743. Resiatance Coils. — Measurements of resistance are now usually 
made by comparison with standard coils of wire which at a certain 
specified temperature have known, resistances. The most usual 
material for the wire is German silver, this being a meta! whose 
resistance is comparatively little affected by temperature. An alloy 
of platinum and silver is also frequently used, for the same reason. 
The coil is always wound double, as in Fig, 480, because this arrange- 
ment prevents it from influencing or being influenced by magnets 

I and currents in the neighbourhood. In fact, the influences exerted 

I or received by the two strands of the coil cancel one another. 

The coils are usually fixed in a box in siich a manner that, by 
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f combining separate coils, resistances of 1, 2, 3 or any integer number 
I of ohms up to 5000 or 10,000 can be obtained. The mode of combin- 
1 ing them will be understood by reference to Fig. 481. 

A, B, C, T>, E are stout plates of brass, which can be connected 
I together by the in.sertion of plugs in the hollows between them. 
I Tlie plugs (one of which is shown in the figure) are. of brass, with 
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ebonite handlesL. *zii -cxahSiIy £i xhe bxlii'w^ i*: a§ i» 2ive cxmtact 
over a lar^ sxir£kf& Tbe^ <r&i5 c^ -icrr c.:£l Are ASBfc*ftiMi u A and B, 
the ends of tbr rtrx: i.: B &:>i C. azfi «*: <•::£. xht nsaxanees of the 

two jilju^es is :c»=ii^ iJzjT ^rcrrrC!! c*r: :cly rajss fr'aii :ne fi> the othor 
by gciin^ iiriQ^ lijr ii^iifrrcciii^ ccC : tin wruai :ihe pla^ is iiia«ted 
the resisiaiZiSr 'rtHr^-ftii ibr pL&ie^ is irarcrrtsfciie^ 

HtiDcse xbr r^sifGftziee ttHnrcen tbr T9~i cimSag^rjcrews H, H, 
hfibf^i %L' lit* txareciir r^iiiEi?. wiZ ce tbt «z3l u£ die nnphigged 



TSinnii lirt- riSuLJs ^-is occiLizjfii exLitn icme "Sv»acsic^. thev all 
*£rftf zi. TTifc^^.r slT-tT. ^ili- aui'i vf-'iccer uie Tiiir^e c^sc condncccss. 

«fef*r zr SiLziJstzic ^^^oric TiIv hy . .rr. zl icluar w^:i?i&. in mcrettsEng 
gcMsiJTi'ii^ Sdis^cGLZi!^ 5i &Ii?o ^i"r t^fts**ir 5s. uiie i!ai«e of meiala, by 
zmarfj^ie n: admrerauur**: cca :ir:je occoscie mle hi2L5& &sr rnwrlators, 
snii a& znsiaip^-enia and zuiifc-rxtcer: TLar eieisCEscaL le^lauice 

Faeces caij ;>:-n:.Tiai :iiu ihas niie :r :«r it tirre nunals as regards iiisr 
fflnir.unilviitv fir LaM 2s lie aazne ** for r*iet!Srftrnnr The <2^&cta of 
frnpiLTiGv ami at <'r,Lr:jf or ti«aiip*a:airtEr»i^ ant aisQ alfke m. tii& two 
eat«et^. at^ nik? tetia sfcowii fcy Pr:f:isi?*:r Tirs. 

The fe:IjL:win:r an* £ Beei^Ti*^re^L5 iecianiiiniisioiis a£ jpernic elec- 
vjcisski Tfiss^stJiii^t iiz. Tdie tiempenLmir^ir IF C* nhe rcssGaace of dS.'ver at 
0"" C beTTTtr 'iemicai bv 100: — 

CoDiNi; ^ "^ Isnu . « . . . ^ « » 1^5 

v^iit» Ijj Ltfttii. . . . ^ ^ » . I2I3 

Cfcinn'nnt> ^JT FlaBEamm.. . . » ^ . » ISdfi 

Sm^ ........ 4L^ Hibbuit;. 5330 

On ccniTttrmir T^i^ I^ wich i&e Gsn of t&eznml eonducbLviciesw § 44&y 
m will ce obs^anred naau tzhe ordier bi pcecis^y lihe :sune a& £sr as tdie 
esnnnttrii^oii t^xsemisw and xiiu^ riis: mxjoLwssti vainer ace neaadhr in 
iirnH:^ prT:}porauii. ^fhowinir tihac ^leccciiral and ttbtfrTnaT ism^iiiuatim- 
iinftf are nearly in vCnnni propormon. 
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74fi. ReaiBtancB of Liqnide. — The resistance of liquids can be deter- 
mined on similar principles, the current being transmitted between 
two parallel plates of metal immersed in the liquid. One form of 
apparatus for this purpose is represented in 
Fig. 482. Care must be taken to employ 
metals which will not give rise to electro- 
motive force by chemical action. 

The resistance even of the best conduct- 
ing liqiiids, except mercury, is enormously 
greater than that of metals. For instance, 
in round numbers, the resistance of dilute 
Bulpbaric acid is a million times, and that 
of solution of sulphate of copper ten million 
times greater than that of pure silver. The 
resistance of pure water is very much greater 
than either of these, _^_^_ 

la the cells of a galvanic battery, the rig. wi— BetEBtanMofLiquidi. 
current has to traverse liquid conductors, 

and the resistance of these is sometimes a large part of the whole 
resistance in circuit. It ia diminished by bringing the plates 
nearer together, and by increasing their size, since the former 
change involves diminution of length, and the latter increase of 
sectional area in the liquid conductor to be traversed. This is the 
only advantage of large plates over small ones, the electro- motive 
force being the same for both. The advantage of the double coppers 
in Wollaston's battery (§ 702) is similarly explained, tlie resistance 
with this arrangement being about half what it would be with copper 
on only one side of the zinc, at the same distance. 

746. Choice of Galvanometer, — The circumstances which should 
influence the choice of a galvanometer coil for a particular purpose, 
will now be intelligible. If stout wire is employed, the resistance is 
small, but it is not practicable to multiply convolutions to any great 
extent. Short coils of thick wire are accordingly employed in con- 
nection with tbermo-piles, the resistance in the pile itself being so 
small that the total resistance in drcuit is nearly proportional to the 
number of convolutions. 

When, on the other hand, the resistance in the other parts of the 
.circuit is very considerable, the resistance of the galvanometer coil 
Iwcomes comparatively immaterial, so that, within moderate limits, 
the deflection of the needle is nearly proportional to the number of 



t ati t *r£. vjo^mM 'A *. ^aa JosQ- ^ win vol ^«c 
3i -XKa ■«««*, fer a ^*«i >a^ «m ^smoa- :£ -wit. &e ioie- 

'j( 5313MCIK ru.'V'.ruiaet f'jr porpriMs «f deiS^i^. ac jytiiii^ tA^ 
xuKfstsi*: a* r*i>a»Mi^)t 'ijt Vi 'x «t«ii IW p9- ceon. 

747. KtUti Ciumil*, — Wboi tv> ^r tucvt wins art arm*ciwi »k 
W/V4 v/ t£d3 v*At«r*r fiov* thrvn^ ont ^tkk flvv iliF^n^ all, 

'>b t«A 'i«f.Ar tcuyl, «-bi>n nro <jr nwnr wins xtc anai^d » 
yjtmfJJM tArf^^ii, vj » Ur XfjnKatQtie «> tuanr iDdepEndem dMimfb 
'^ <trj<Mi»nni>t*t«Mi >A«v«5>:Ti dift moe two ponta. tfce joim nsHuee 
M •>r«i>i>«U7 IflM Uioo tlii« rtAWtance of un- uw: of tbe wins. Thai 
•mtkt an arru^^ment onnn in anr {ian of a drenit, the dreint is 
mid Uf 1a ili'ri'Ud. If tbe several vir» arc of the same la^th and 
material, tlo^ act a» 'yiw wire baving a «>Htion equal to the sum erf 
tl*<jr iK:<4i<yfi«, and Ui« jfont rwiKtanoe is the quotient tA the resist- 
aww '■rf 'lOf. of tb* wirwf l:y the nam>ier of wins. Hore generally, 
if t\ih rt^pronal iA tlw n»i.'Ftanc« of a cmdiicttir be called its eon- 
'ItJCitinj^ pf/W^, (A* crcAv/i'iRg jirwxr of a if-fnU^m of irires iJtiu eon- 
litd^A 'Jit boUi ewin it tfte mim of Ute condtuting povxra of the aeraal 




vrir&i which compose it Thiu, in Fig. 483, if ri, r^ denote the 
reMJHtaiiceH of the wires acb, adb, their joint resistance B will be 
given by the cciuation 



748. Arrugement of Cells in Battery. — Suppose that we have a 
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AKRANGEHENT OF CELLS IK BATTEBT. 

I number n of precisely similar cells, each having electro -motive force 
e and resistance r, and that we connect them in a series, as in Figs. 
447, 458, with a conductor of resistance R joining their poles. The 
whole electro-motive force in the circuit will then he it e, and the 
whole resistance will be Tir-|-R; hence the strength of current 
will he 



This formula shows that, if the external resistance R is much greater 
than the resistance in the battery n r, any change in the number of 
cells will produce a nearly proportional change in the current; but 
that when the external resistance is much less than that of one cell, 
as ia the case when the poles are connected by a short thick wire, a 
change in the number of cells affects numerator and denominator 
almost alike, and produces no sensible change in the current. It is 
impossible, by connecting any number of similar e 
obtain a current exceeding -, which is precisely the current which- 
one of the cells would give alone if its plates were well connected 
by a short thick wire. 

It is possible, however, by a different arrangement of the cells, to 
obtain a current about ni times stronger than this, namely, by con- 




Vnecting all the zinc plates to one end of a conductor, and all the 

■carbons or coppers to the other end, as in Fig. 484. In the arrange- 

ment of three cells here figured, the current which passes through the 

spiral connecting wire is the sum of the currents which the three cells 

would give separately. The arrangement is equivalent to a single 

Y oell with plates three times as large superficially, and at the same 



tu0mui^^ vsmrr^ rw ^iAsarv^nfivr^v;^ im^ w3Sl « oilft la acaocsd 
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:uul ^iut n^MifZaiieK: 5il ^ . thIl. wzH Zft -^ ^^ £7 ea^ series bas 

v^MHTjau^ ri S r ami Hmst ggraJTei yrrt^ <;cimec&ed as the ends 
^wnvr^^^^ioz. v^ jik ^fnge its^es. zf ?zie iome •'Ltiesrri-sicciT^ force ^ one 
'^ ^:Iu^ «9'jAip''^aeiic vmsA, azui ^ ^au^^iird dse r-^rrmnrr The cuzrmi 
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Tlu^ np^sswjti often azs«e». Wr:as s the l;«st Tnaimpr of grouping a 
^^^ja niimr>er of cfell* in orier to give the ^cronge^t poeable mrrent 
throng* & sri^-^n eit«xal coii*iTiCt.ir ? TIi«* azisw^a- Bw ther should be 
<90 groQp^ th^Lt the int*=:nial azifi external re^stance should be as 
WiaaAj ZA i/'^M.rAe equal; fojr example, if we have 12 ceQs as aboTe, 

sari4 Hie r'^i^tSLncf: B in the givtai cc-o^iuctor is ^ of the resistance of 

01^ of the^ie ef:\h, the arrangement just, described is the besL^ 

749, Diatritetum of Potential im a Toltaic Gimdt.— \nien the 
^leetrrAea fA a battery are not connected, their dil]&rence of potential, 
mxpprmnff them to be of the same metal, is a measore of the electro- 
ju^Xive force of the battery. On joining them by a connecting wire, 
their difference of potential will be diminished, and will be the same 

* IiMtead of 3 and 4, pot z for the nnmber of icriea» and jr for the number of oeUs in a 



K 



mtitB, Then the carrent will be ^ K *i^^ ^^ ▼"T mvcndr as Z.^^. Now the pro- 

X y 

diKtof — and — la giren, being tiieqnotient of rB by the iHiole number of oeDs; and when 

z y 

the prodnct of two TariaUes is given, their sum is least when they are equal, and increases 
as tbej are made more and more mifiniial, As x and y must be integen^ exact equality 
€Minot generally be obtained. 



DlSTHlBUnON OF POTBNnAL IK cmOTJlT. 731 

1 fraction of the whole eiectro-motive force that the resistance in 
I the connecting wire is of the whole resistance. This follows at 
[ once from the principle that the gradual falls of potential in 
I different portions of the same single circuit are directly as their 
I resistances. 

In a battery of four cells, like that represented in Fig. 447, when 

I the extreme plates are connected by a wire whose resistance la 

I- double that of the battery, the fall of potential in the connect- 

|ing wire will be two-thirds, and the fall of potential in the bat- 

I tery will be one-third, of the whole electro-motive force. To avoid 

fractions, let the electro-motive force of each cell be denoted by 3. 

Then the total electro-motive force will be 12, the fall of potential 

in the connecting wire wHl be 8, in the battery 4, and in each 

ceUl. 

The distribution of potential, both before and after making con- 
nection, is exhibited in the two columns subjoined, the connecting 
wire being supposed to be of copper, and to be connected with the 
earth close to its junction with the first zinc plate, so that this end 
of the wire will always be at zero potential. We may suppose con- 
;tiection to be broken by disconnecting the other end of the copper 
e from the last copper plate. 



Copper Wire, . . . 

iZino plutti, 
Acid, . . 
Copper platen 
I Zinc pla 
2d CeU ] Acid, . 

( Copper plate, 
1 Zinc piftte, 
Sd Cell j Acid, . . 
1 Copper plate, 
( Zinc pla 
ItbCeUJAcid, . 

( Copper plate, 
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Copper Wire, . . . 
I Zinc plate, . 

iBtCeUJAcid, . . . 
( Copper plate, 
I Zinc plate, . 



;d CbU { 



icid, . 



I Zinc plate, . 
3d CeU j Acid, . . . 

( Copper plate, 

I Zinc plate, . 
4th Cell] Acid, . . . 

( Capper plate, 



' The distribution of potential when connection is made is graphi- 

"cally represented by the crooked line A3254769C (Fig. 485); 

resistances being represented by horizontal, and potentials by vertical 

distances. A C represents the total resistance in circuit; A B being 

Vthe resistance of the batterj', and B C that of the connecting wire. 
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A D represents the total electro-motive force. The points C and A 
are to be regarded as identical; in other words, the diagram ought 
to be bent round a cylinder so as to make one of these points fall 
upon the other. 

750. Measurement of Resistance of Battery. — The resistance of a 
battery may be measured in various ways, of which we shall begin 
with the simplest. 

Let the poles of the battery be directly connected with a galvano- 
meter whose resistance is either very small or accurately known, and 




Fig. 486.— Curve of Potential for Closed Circuit. 



let the deflection be noted. Then let a wire of known resistance be 
introduced into the circuit, and the deflection again noted. The two 
currents thus measured will be inversely as the resistances, since the 
electro-motive force is the same in both cases. Let the resistance of 
the galvanometer coil be denoted by G, that of the wire introduced 
in the second case by W, and that of the battery by x. Then if the 

amounts of current be denoted by Ci, C2, we have ^= ,Z — ; 

whence x can be determined. 

This mode of determination is not very accurate; in the first 
place, because the electro-motive force of a battery is not a constant 
quantity but usually diminishes as the current increases; and 
secondly, because the measurement of a current by a galvanometer 
is not a very exact operation. Some better methods will be described 
later. 

751. Measurement of Electro-motive Force.-r-The most direct mode 
of comparing the electro-motive forces of cells of different kinds, 
would be to observe how many cells of the one kind arranged in series 
must be opposed to a given number of the other kind, in order that 
the resultant electro-motive force may be nil as indicated by the 



MEASUKEMENT OP ELECTTEO-MOTIVE FORCK 



738 






ibsence of deflection in a galvanometer forming part of the circuit. 

""or example, if two Danieli's cells and one Grove'a cell bo connected 

with each other and with a galvanometer, in such a manner that the 

current due to the Daniell ia in one direction, and that due to the 

Grove is in the opposite direction, the current actually produced will 

in the direction of the greater electro-motive force. It will thus 

shown whether the eleeti-o-motive force of a Grove's cell is more 

leas than double that of a Daniell'a. This method has not been 

uch used. 

Another method of couipariaon conaista in first connecting the two 
ilia to be compared, so that their electro-motive forces tend the same 
'ay, and then again connecting them, ao that they tend opposite 
.ways, the resultant current being observed in both caaes with the 
same galvanometer. The resistance in dreuit is the same in both 
cases, being the resistance of the galvanometer plus tlie sum of the 
resistances of the cells; hence the currents will be simply as the 
electro-motive forces, that is to say, as Ei+E, to Ej — Ej, if Ei and 
Ej denote the electro-motive forces of the cells. Hence the ratio of 
E] to Ej is esiiily computed. 

This method is liable to the objection that increase of current 
,ves increase of polarization (§ 731) and consequent diminution of 
lectro-motive force; besides the objection that the measurement 
depends upon the reduction of the indications of a galvanometer to 
proportional measure. 

753. Determiaation by Electrometer. — The statical electro-motive 



rent 
^^^yc 



force of a battery or cell (that 
rent is passing, the poll 
)y connecting its polea to opposi 
iter; for the instrument ivill then show the 
of potential between them, and this 
of potential is the electro-motive 



ts electro- motive force when no cur- 
!.s connected) can be directly observed 
ite qiiadi'ants of Thomson's electro- 




763. Latimer Clark's Method. — Another mode 
of statically comparing electro-motive forces ia 
illuatrated by Fig. 486. A battery of greater 
electro-motive force than either of those which "«■ *^~^^X'^"'''' 
npared ia employed to send a cur- 
it round a circuit containing a series of known resistancea. By 
law, the difference of potential between two points in this 
:cuit is proportional to the resistance between them. In tlie 



'isu viJZV'^fta .lit yitt^ vt vast mucu^s^ «ii£ liisa 'Tva pimis viiiKe 
titf5>!ti9U9t: tf vsn^nnjit. jk i^ac ir :ai>: lo^ isssizj- TSiaii ihe 

4tru«»» v^T^f^a 'suwt wnjOL idiEn. ic«t jcuiwtl E^ sof E^ m tlie 
itfiw^ :ir> '^ Tari 'i«SMir:ik» iriiiSL wEPt -a icb ?g.inc*^^ i. asai £ 
jt "Su^ -sum -uKSiOTr niiE* 5*r«¥=ariL tooil -ffljer -wzisbu a^iot rf tke 

;pu*)asmmi^^vr iriu»a 4ai^^v> -Fiffs sirris]: » gawrrg iSTOodi the 
^0iersr0^rj i.. itvi lia* -^nrrac » v. lit ri»aai»i *; JHr> ry ymmlj 
(tiuvvtmir I3i«^ vvcu&k A. fc .. Ii jfk* iiigmtflr ine -rarrins tibrough K, 
Jttut f^. M v* vi: r*rcnu*>yi >; n^sr, it prTc«r ^oiiaK if ict piamis A, B^ 
Tuyi '^ *ti*itJur'>au^nrr-»r f :rtJ»r :f E » •: ;m£C if E. ^ i2» FEsastanoe 
Jt fc > V, ^au»: r^5^«&iiCA»: A. El 

f:^ "i^^ rtu^^vi lb: LttsbxHr Cusck i^ f nzzii i&tt the stataeal 
44i^i?i:rvftu-^r*: £vr*«i -af & <fel if GrsTt^ Bi=»sel. I>uik^ and Wol- 
jaaf»/jR. ze*: a^cg^/T^'ggiihrT ai^ !■». :^^ ^«^. scii -ffoL Tbe last <^ these, 
i^ttU/ * -CTjfr'* -ii fjbsnrTj, 2* I5a.^ur to SfcZ cc 50 per eenL or more 
wi/^ffi is* *<^ve^ vmin^' to tLr -irjosiaai -cf iydrceai on the copper 

7M. Simlttuuou DeCendaataoa of Electro-aoliTe Force and 
B<fWgf>a<pf>> — ^Tb^ fettloTTin^ iz^ujcfi. giv€s the ekctro-motiTe force 
<4' ik }jikXterr thim^ wLieb a esrrait k passing: and also gives the 

B ^Fi^ 4^; i» th^ batl>efy, whidi sends a corrait through the 
W^mt PSQB^ eootaining two Taiiable r^tstances. Rand S. The 

resistance S is to be varied nntil the difference of 
potential between its ends P and Q is equal to 
the statical difference of potential between the 
poles of a standard cell C, as shown by tihe 
absence of a current through the galvano- 
meter G. 

R is then to be increased by any convenient 

'^ amotmt r, and S is to be increased by an amount 

wit,m, s such that the galvanometer again indicates no 

current. 

Then if e denote the statical electro-motive force of tihe standard 

cell, and E the electro-motive force of the battery B during the 

experiment, the strength of the current through S in the first obser- 
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ration is |, and is also bitsZr- ^® ''^^y therefore equate thei 
as, and by alternation we have 

E_ B + 8 + R „, 

e a ■ ^ 

unilarly, from the second experiment, we have 



Y taking the differences of niinieratora and denominators we deduce 



sub 

»si 
1 



ft 



equation which determines the value of E, smce p, «, and r are 
known. 

Again by equating the right-ha,nd members of (1) and (3) and 
subtracting unity, we obtain — ^^^, whence B—j—R; thus the 

istanc.e B of the battery is determined. It is advantageous to 
lake K zero. 

7fi5. Clark's Standard Cell, — The standard cell commonly employed y 
for such comparisons is that of Mr. Latimer Clark. " It is formed by (^j^Jj^ U-»v^'- 
employing pure mercury as tlie negative element, the mercury being (^ L^ ' " i,( 
covered by a paste made by boihng mercuroua sulphate in a J Q. 
thoroughly saturated solution of zinc sulphate, the positive element '7 r^ 

consisting of pure distilled zinc resting on the paste." It must not fr^ t.y~ * .-* 
be used for producing a current; hut its statical electro-motive force^Jf^ f^ H 

very constant and permanent. j. j j* _ , 

756. Wheatatone'a Bridg^e. — In any wire through which a current ^J" 

iteadily, without leakage or lateral ofi'shoots, the amount 
of the current is equal to the difference of potential betioeen the ends 
oftlte wire, divided by the resistanoe of the toire,ihs units employed 
being the same as those which make C— o for the whole circuit. 
The same thing is true for any pvrtion of the length of such a wire, 
and, still more generally, for any portion of a circuit, whether single 
or divided, terminated by equipotenti-cd cross-sections, provided that 
no source of electro-motive force occurs in it. It follows that, in 
travelling along such a wire with the current, the fall of potential I 
proportional to the resistance traveUed over, or equal falls of poten- 
tial occur in traversing equal resistances. This rule does not apply 
comparison of the two independent channels of a divided cir- 




Fig. 4S&— Wheatstone's Bridge. 
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cuit, unless equal currents are passing through them. It applies to 
the comparison of any two wires which are conveying equal currents, 
but it is not applicable to the comparison even of different portions 
of the same wire if, owing to leakage, the current is imequal at dif- 
ferent parts of its length. 

Equality of potential in two points of a divided circuit can be 

tested by observing whether, 
when they are connected by a 
cross-channel, any current passes 
between them. This principle 
was applied, first by Christie, 
and afterwards by Wheatstone^ 
Thomson, and others, to the 
measurement of resistances. The 
apparatus employed for the pur- 
pose is known as Wheatstmie's bridge, and is typically represented in 
Fig. 488. 

The poles P, N of a battery are connected by two independent 
channels of communication ACB, AD JEB. The former is a uniform 
wire; the latter consists of the wire D, whose resistance is to be deter- 
mined, and of a standard resistance-coil K The observation has for 
its immediate object to find what point in the uniform wire AB has 
the same potential as the junction J of the other two. When this 
point C is found, and connected with J through a galvanometer G, 
no current will pass across, and the needle of the galvanometer will 
not move. If a point Ci on the positive side of C were connected 
with J, a current would run from Ci to J, and if a point Cj on the 
negative side were connected, the current would be from J to Cj. 
The deflection diminishes as the right point C is approached, and 
becomes reversed in passing it. When it is found we know that the 
resistances in AC and CB have the same ratio as those of D and E, 
each of those ratios being in fact equal to the fall of potential between 
A and JC divided by the fall between JC and B. As the resistance 
of E is known, and the resistances of AC, CB are as their lengths, 
which are indicated on a divided scale, the resistance of D can be 
computed by simple proportion. 

In Wheatstone's original arrangement, the resistances of the 
two portions AC, CB were equal, and the resistances of the other 
two portions AD J, JEB were made equal by the help of a 
rheostat. 



I/K)P TEST. 

757. Loop Teat. — The following method of finding the position of a 
fault in a telegraph wire is an application of the principle of Wheat- 
stone's bridge, We suppose the fault to consist in loss of insulation 
at some point of the wire, so that the resistance between this point 
and the ground is much less than it ought to be, though it may still 
be as great as that of some miles of wire. 

The fault is known to be between two given atationa. At one 
of these stations let the end of the faulty wire be joined to the end 
of another wire; and at the other station let the ends A, B, of the 
same two wires be put in connection with the two poles of a battery 
Fig. 489). Also let A and B be connected by a circuit containing 




Fig 48B-LoopTf5t 



Fig. 190.— Lonp Tesi 






■o variable resistances D, E, and let an interniediate point C be 
Lnected, through a galvanometer G, with the ground. Let the 
resistances D, E, be made such that no currrent goes through the gal- 
vanometer. Then we know that the point C has the same potential 
as the earth, and in these circumstances the faulty point J of the wire 
will also he at the potential of the earth ; for if there were a current 
flowing through the fault to the earth the battery would be steadily 
pving off electricity of one sign while having no outlet for electri- 
city of the opposite sign, and this cannot be. The points J and C are 
therefore at the same potential, like the points J and C in Fig. 488; 
and a comparison of the two figures shows that the same reasoning 
applies to both. The loop A J B formed by the two telegraph wires 
is therefore divided by the point J in the ratio of the two known 
resistances D and E. That is, we have -- i;., - ^ - „f t o-'f- '^'^i^ 



rf"BJ"E' 
iterminea the position of the point J. 

The positions of the battery and galvanometer may be inter- 
changed, as in Fig. 490, and the equation above obtained will still 
apply; for when no current flows through the galvanometer in this 
new arrangement, the two paths C D A J and C E B J, which lead 
.from C to J, must be divided proportionally at A and B. 
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758. Conjugate Branches. — Wheatstone s bridge may be otherwise 
described as consisting of six branches connecting four points, two 
and two, in every possible way, the four points being A, B, 0, J in 
Fig. 488. A battery is inserted in the branch which connects any 
two of these points, A and B, and a galvanometer is inserted in the 
branch which connects the other two, C and J. These two branches 
may be called opposite, and in like manner A C is opposite to B J, and 
B C to A J. The condition of no current going through the galvano- 
meter is expressed in § 756 as a proportion. Multiplying extremes 
and means, and writing the names of the branches for the resist- 
ances in them, the condition is 

AC.BJ:^BC. AJ, 

where each member of the equation is the product of the resistances 
in opposite branches. When this condition is fulfilled, the remain- 
ing pair of opposite branches A B and C J are conjugate, that is to 
say, a battery in one produces no current in the other. The sym- 
metry of the relations shows that the battery may change places 
with the galvanometer. 

759. Conjugate Branches when there are Several Batteries. — When 
there are batteries in more branches than one, the current in any 
branch will be the algebraical sum of the currents due to the several 
batteries considered separately. Hence when there is equality 
between the two products of opposite resistances, as in last section, 
the current in either of the two remaining branches will be inde- 
pendent of the electro-motive force of the battery in the other; and 
these two branches are still said to be conjugate. In estimating the 
resistance of any branch which contains a battery, the resistance of 
the battery must of course be included. 

Thus far we have not discussed the effect of change of resistance 
in one of two conjugate branches. The introduction of additional 
resistance into any branch can affect the current in the rest only by 
altering the difference of potentials between the ends of this branch; 
and the same remark applies to the introduction of a source of 
electro-motive force into any branch. Two changes, one of resist- 
ance, and the other of electro-motive force, in a branch, will have 
the same effect on the rest of the circuit, if they have the same effect 
on the difference of potentials of the ends of this branch. Hence 
if the current in one of two branches be independent of the electro- 
motive force in the other, it must also be independent of the resist- 
ance in the other. 
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As thia reasoniog may appear doubtful to some of our reaJera, we 
aubjoin a t'onual investigation leading to the same result, 

760. Investigation of Oondition of ConJugateneBS. — Let A, B, C, J 
(Fig. 488 or Fig. 491), be four points connected, two and two, by 
six branches. Let the resistance in the 
bi-anch connecting A and B be denoted 
by A B or B A, and tlie electro-motive 
force in it (positive if tending from A 
to B) by ab. Let the current in this 
branch (positive if from A to B) be de- 
noted by 7, and the cuncnts in the 
branches B C. C A, by u /3. Then the 
euiTcnt in the branch A J (positive if 
from A to J) will be ^ - y; for this cur- 
rent together with y canies off from A 
the supply brought by ji. Siinilai-ly, the currents in B J, C J, will 
be y - a a -fi. Then, since the sum of the falls of potential in travel- 
'ling round a circuit must equal the sum of the rises, we have, for the 
circuit J B C, the equation 

Similarly,' for the circuits J C A, J A B, we have 




These three equations are sufHcient to determine the three cur- 
I Tents a, j3, y, in terms of the electro -motive forces and resistances. 
I Multiplying the equations in order, by 1 , i,m (i and m being multipliers 
I to be afterwards determined), and adding; the coeiRcients of n ft, y, 
I Will be 

BC + (l-()CJ + (]-in) BJ. 
J.CA + {i-m) AJ + (i-l)C;J. 
w.ABf(7n-l)BJ + (jn-nAJ, 

laud the second member of the equation will be 

fii: + J.ca + «i.o4 + ((-m)i« + (M-l)6j + (I-J)t/. 

To find the value of a, we must equate the coefficients of (i antl y 

to zero, and then divide the second member by the coefficient of u. 

Tlie electro-motive force aj appeai-s ordy in the tenii {I - in) aj, and 

the resistance A J only in the terms (/-iJi) A J and (i/i-Z) AJ. Hence 

^the equality of i to w is the condition alike of tlie di-tappearance of 
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aj and of A J. Putting Z = m, and equating the coefficients of ft and 

y to zero, we have 

, CJ ^J 

CA + CJ^AB + BJ* 

whence 

CJ.AB = BJ.CA, 

which is, accordingly, tlie condition of conjugateness. That is to 
say, if the product of one pair of opposite resistances he equal to the 
product of another pair, tJie remaining pair of braiiches unll be so 
related that the current in each is independent of the electro-nfwtive 
force and resistance in the other. 

761. Thomson's Method of Measaring the Resistance of a Galvano- 
meter. — The resistance of a galvanometer can be measured without 
the use of another galvanometer, by the following method, due to 
Sir Wm. Thomson. 

In a system of six branches joining four points, let a battery and 
a contact key respectively be in one pair of opposite branches. Then, 
if the products of the resistances in opposite branches be equal for 
the four remaining pairs, we know by § 758 that no current will 
pass through the branch containing the key, and hence making or 
breaking contact with the key will be nugatory; hence the galvano- 
meter will not have its deflection altered by making or breaking 
contact with the key. The experiment is to be conducted by alter- 
ing the resistance in one of the branches until the key has no effect 
on the galvanometer. The resistance of the galvanometer is then 
calculated from the equality of the products of opposite pairs. 

This method was suggested by the following. 

762. Mance's Method of Finding the Resistance of a Battery. — 
In this method a galvanometer and a contact key are in a pair of 
opposite branches, and the battery is in one of the four remaining 
branches, while the other three contain known resistances. The 
observation is made by varying one of these resistances till the 
galvanometer is not aflected by the key. It is then known that the 
branches containing the key and the galvanometer are conjugate, 
and therefore that the products of opposite resistances are equal for 
the remaining branches. The resistance of the battery is therefore 
a fourth proportional to three known resistances. 

In this method, as well as in that described in the preceding 
section, the galvanometer doi^s not stand at zero, but shows a steady 
deflection, which is unaltei^ed by opening or closing the branch con- 
taining the key. 
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763. Heating of Wires.- — Thp heating of a wire by the pa.ssage of 
a current may conveniently be exhibited by the aid o£ the apparatus 
represented in Fig. 492. Two uprights mounted on a stand are 
furnished, rt different 

heights., with pairs 
of insulated binding- 
screws a a!, bh', c 
having wires stretched 
between them. A cur- 
rent can thus be sent 
through any one of 
the wires, by connect- 
ing the terminals of a " 
battery with the bind-- 
ing-screwa at its ex- 
tremities. AVhen this 

ie done with a battery of Huitalile power, the wire is iirst seen to 
droop in conMe(]uonce of expansion, then to redden, and finally to 
Welt, becoming inflamed if the metal is sufficiently combustible. 

If a file is attached to one of the terminals of a battery, and the 
other terminal Is drawn along the file, a rapid succession of sparks 
will be obtained ; and if the battery be sufficiently powerful, globules 
of incandescent metal will he scattered about with brilliant effect. 

764. Joule's Law. — The energy of a current is equal to the product 
of the quantity of electricity that passes and the electro-motive force 
tliat drives it. As the numerical measure of a current is the quantity 
of electricity which passes in unit time, it follows that the energy of 
a current C lajiting for a time (, is ECl, E denoting the electro-motive 
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force. But again, by Ohm's law, E is equal to the product of the 

current C and the whole resistance R. The expression for the energy 

therefore becomes 

C*R<, (1) 

and this energy Ls all transformed into heat in the circuit, unless 
the current is called upon to perform some other kind of work in 
addition to overcoming the resistance of the circuit. It has accord- 
ingly been found, first by Joule, and afterwards by Lenz, Becquerel, 
and others, that the formula C^R^ represents the quantity of heat 
generated by a current under ordinary circumstances. The experi- 
ments have usually >>een conducted by passing a current through a 
spiral of wire immersed in water or alcohol, and observing the eleva- 
tion of temperature of the liquid. 

This law of Joule's, like that of Ohm, may be applied to any part 
of a circuit, as well as to the circuit considered as a whole; that is to 
say, if the circuit consists of parts whose resistances are Vj, rg, . . . , 
the quantities of heat generated in them are respectively C^rjf, 
C* r^^ ^, . . . , and are therefore proportional to the resistances r^ rg 
... of the respective parts, since C and t are necessarily the same 
for all. 

765. Relation of Heat in Circuit to Chemical Action in Battery. — 
The energy of a current, and consequently the heat developed in the 
circuit, is the exact equivalent of the potential energy of chemical 
affinity which runs down in the cells of the battery. This fact, first 
verified approximately by Joule, has been more accurately confirmed 
by the experiments of Fa\Tre, who introduced into the muffle of his 
mercurial calorimeter, already described and figured in § 509, a small 
voltaic cell with its poles connected by a fine wire. He found that 
the consumption of 33 grammes of zinc in the cell corresponded to a 
generation of heat amounting to 18,796 gramme-degrees. But the 
chemical action in the cell is complex. The 33 grammes of zinc unite 
with 8 grammes of oxygen, and in so doing generate 42,451 gramme- 
degrees. The combination of these 41 grammes of oxide of zinc with 
40 grammes of sulphuric acid, produces 10,456 gramme-degrees, 
making in all 52,907. But an equivalent of water undergoes decom- 
position, and this absorbs 34,463, which must be subtracted from the 
above sum, leaving 18,444 gramme-degrees as the balance of heat 
generated in the whole complex action. The heat actually observed 
in the experiment agrees almost precisely with this calculated 
amount. (Compare § 734.) 
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Distribntion of Heat ia Circuit, — These experiments also 
served to verify the application of Joule's law to each part of the 
circuit considered separately. By introducing the cell into the 
muffle whilst a spii-al of fine wire connecting the poles was outside, 
and then introducing the spiral while the cell was outside, Favre 
was able to measure separately the heat generated in the cell and in 
the spiral, and these were found to be proportional to their resist- 
ances. 

If wires of different diameter or of different electrical conductivity 
form parts of the same circuit, so as to be traversed by the same 
current, the bad conductors will become more heated than the good, 
and the fine wires more than the coarse. All parts of the length of 
a uniform wire will he uniformly heated, The specific resistance of 
platinum is ten times greater than that of copper; hence ten times 
as much heat will be generated in a platinum as in a copper wire by 
a given current, if the diameters of tbe two wires be the same. 

The elevation of temperature ia greater in a fine than in a coarse 
wire, not only because of its greater resistance, which leads to the 
development of a greater quantity of heat in it, but also on account 
of its smaller capacity for heat, and its smaller surface. When the 
current is passed for so short a time that the heat emitted may be 
neglected, the elevation of temperature varies directly as the resist- 
ance per unit length, and inversely as the capacity per unit length. 
The resistance varies inversely and tLe capacity directly as the sec- 
tion of the wire, and hence the elevation of temperature is inversely 

the square of the section, or as the fourth power of the diameter. 

On the other hand, if the current be continued till the permanent 
perature is attained, capacity ceases to have any influence, and 
iihe heat emitted in unit time must he equal to the heat received, 
cc denote the elevation of temperature, the heat emitted ia ap- 
proximately Sn-rBa: by Newton's law {§ 461), r being the radius of 
the wire, and B a constant. The heat received is j' -A- being 
another constant. By equating these two expressions, we find that 
i^x is equal to a constant, and hence a: varies inversely as r", that is, 
the elevation of temperature is inversely as the cube of the diameter. 

To obtain the most rapid production of heat in the circuit con- 
ired as a whole, we must reduce the resistance to a minimum; 
the heat produced in tinit time is EC, which, by Ohm's law, is 
same as ^ , and therefore varies inversely as R the total resistance. 
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?S7. Wfrfcaiifid Work done bj Cmremt. — Favre's experiments also 
fezckiiied a oonfimiation of the fact, that when a cmient is called 
mpx. to perf<HTn mechanical work, the amount of heat generated in 
the circnit is diminished by the equivalent of this work. He inclosed 
a faan^rr of five cells in the muffle of one calorimeter, and an electro- 
magnet in another calorimeter: the connections between the coil of 
the electro-magnet and the poles of the hatteiy being made by short 
thick wires whose resistance could be neglected. The electro-magnet 
attracted an armature, and thus raised a weight by means of external 
polleys. 

It was found that when the armature was fixed, so that no 
mechanical work could be performed^ the heat developed was the 
precise equivalent of the chemical action which took place in the 
battery; but when the electro-magnet was aUowed to raise the 
weight, the amount of heat indicated by the calorimeters was sen- 
sibly less. The difference was measured, and compared with the work 
dcme in raising the weight. The comparison indicated 444 kilo- 
grammetres of work for each kilogramme-degree of heat that dis- 
appeared, a result which agrees sufficiently well with the established 
value of Joule's equivalent (425 kilogrammetres). 

768. Thermo-electric Currents. — ^Electric currents can be produced 
by applying heat or cold to one of the junctions in a circuit composed 
of two different metak. This was first shown bv Seebeck of Berlin 

in 1821. It mav be illustrated 
by employing a rectangular 
frame (Fig. 493), having three 
sides formed of a copper plate, 
and the fourth of a cylinder of 
bismuth. It mast be placed in 
the magnetic meridian, with a 
magnetized needle in its interior. 
On heating one of the junctions 
with a spirit-lamp, the needle 
wiU be deflected in such a direc- 
tion as to indicate the existence 
of a current, which in the copper portion of the circuit, flows from 
the hot to the cold junction, and in the bismuth portion from the 
cold to the hot. If cold instead of heat be applied to one junction, 
the direction of the current will stiU be from the warmer junction 
through the copper to the colder junction, and from this through the 





Tig' ttS.— Themo-electzie Cureiit 



THBRMO-BLECTBIO OURRENTS. 



745 




f fcifimutli to the wanner JTinctdon. Antimony, if employed instead of 
copper, givca a still more powerful effect. 

769, Though a circuit composed of bismuth and antimony is 
specially susceptible of thermo-electric excitation, the property is 

1, in a more or less marked degree, by every circuit composed 
f two metals, and even by cir- 
peuits composed of the same metal 
in different states. If, for ex- 
ample, a knot or a helix (as in 
Fig. 494), be formed in a piece of 
platinum wire, and heat applied 
at one side of it, a current will 
be indicated by a delicate galvanometer, in metals which are usually 
heterogeneous in their structure, such a« bismuth, it is not uncom- 
Itaon to find currents produced by heating parts which appear quite 
oiforra. If the ends of two copper wires be bent into books, and 
Hie of them be heated, on placing them in contact, a current will be 
^produced due to the presence of a thin film of oxide on the heated 
^wire. With two platinum wu'es, no such effect is obtained. 

770. Thermo-electric Order. — According to Becquerel's experiments, 
the metals may be ranged in the following order, as regards the 
direction of the current produced by heating a junction of any two 
of them: — Biam/ittk, platinum, lead, tin, copper, ailver, zinc, iron, 
OAitimAmy; that is to say, if a junction of any two of these metals 

) heated, the direction of the current at the junction in question 
irill be from that which stands 
t in the list to the other. His 
ixperiments have also established 




3ie important fact that the cur- 
Wnt obtained by heating all the 

mctions B, C, D, E, F, of a chain 

i dissimilar metals to one com- 
paon temperature, is the same as 
^at obtained by uniting the two extreme bars A B, F G, directly to 
1 other, and heating their junction to the same temperatui 



' The more acourata Btatenient is, that the ^ti-tra-motice foroc is the same in tlia two 

. . . ThenirrmEffillbeBeiinblf theiune if thereciitance in BCBEF ia inuigniftctuit 

In coropariaon with the reat ut the circuit. In order that there maj he n eiurent, the cir- 

cnit mniit of oourae be DcmpletPd, snd not left oiiun us in Fig. 195. In the case of an open 

cuault uf tlie lieatiiit,' will ainiplj be tu pioduue diffei'cnce of potential between 
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77L OomptriMm of Eleetro-moiiTe Foiees. — By employing a rhain 
eompoeed of wires of different metak soldered together, with its two 
extronities connected with a galvanometer, and heating one junction 
to 20^ C, while the rest were kept at O"* C, Beoquerel obtained car- 
rents proportional to the foUowing numbers: — 

Jvneyon heated. Current JvnctloB bested. Onrent 

Iroo-nlTei^ 26*20 Copper -platmnm, • . • 8*55 

Iron -copper, .... 27*96 Copper -tin, S*50 

Iroo-tin, 81-24 SilTer -copper, .... 2*00 

Iroo - pUtinom, . . . . 86^ Zins —copper, .... 1*00 

On comparing these numbers, it will be found that they are in 
approximate agreement with the law above stated. Thus the electro- 
motive force of a silver-platinum circuit comes out 10*55 by adding 
2-00 to 8-55, and 987 by subtracting 2620 from 36-07. The electro- 
motive force of copper-platinum is 8*55 as observed directly, and 
8*11 as computed by taking the difference of iron-copper and iron- 
platinum. The deviation from precise agreement id not more than 
may fairly be ascribed to errors of ob6er\'ation. 

772. Neutral Point. — For every two metals there is a particular 
temperature called their nevtral point, such that a circuit composed 
of these metals wiU give no current when one junction is just as 
much above the neutral point as the other is below it. This defini- 
tion holds in every case when the difference of temperature between 
the junctions is small, and it generally holds as far as differences of 
some hundreds of degrees. If one junction is kept at a constant 
temperature lower than the neutral point, while the other, initially 
at the same temperature, is steadily raised, the current first increases 
to a maximum, which it attains when the neutral point is reached, 
then decreases to zero (according to the above definition), and then 
becomes reversed, with continually increasing strength. 

These changes can be shown with copper and iron wire. Let a 
piece of iron wire be joined at both ends to copper wires, and let the 
copper wires be led to a delicate galvanometer. By gently heating 
one of the two junctions a current will be produced which will 
deflect the needle in one direction; but if the heating is continued to 
redness, the needle comes back, and is still more strongly deflected 
in the opposite direction. 

778. Thermo-electric Diagram. — The ordinary law for the electro- 



tbe extremities, A, 6. This difference of potential is the measure of the electro-motive 
force, and will accordingly be the same in the two cases. 
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motive force of a circuit of two metals with two junctions has been 
eatablished independently by Avenariits and by Profes.sor Tait, It 
is most clearly set forth by a diagram such as Fig. iQ&, which is 
copied from a much fuller diagi-am published by Professor Tait. It 
contains tour straight lines, one for each of the metals — Iron (Fe). 
Zinc (Zn), Copper (Cu), and Tiead (Pb). Temperatures are repre- 
aented by distances laid off along one of these lines {the line of lead) 
K-whieh is used as the axis of abscissas, an^l electro -motive force.? are 




Areas on 



'■represented by the areas inclosed between the ordinates and the 
lines of the metals. Thus, if one junction be at 0° and the other at 
100°, the electro-motive forae is represented by the area A BCD if 
the metals are iron and zinc, by the area B H K C if they are zinc 
and copper, and by A H K D if they are iron and copper. 

The temperature at which two lines intersect ia their neutral 
point. The figure shows that the neutral point of iron and zinc is 
about 210°, and that of iron and copper about 275°. 
opposite sides of the point of intersection are to be i 
having opposite signs. Hence, if the lower temperature be fixed, 
the area (and therefore the electro-motive force) will increase with 
the difterence of tlie temperatures until the neutral point is attained, 
and will then diminish, becoming zero when the positive and nega- 
tive areas are equal. It then changes sign (since the negative area 
becomes larger than the positive), and increases more and more 
~ pidly. 



748 



RELATIONS BETWEEN ELECTRICITY AND HEAT. 



Thus, if one junction be at 0° and the other at 300°, the metak 
being iron and zinc, the electro-motive force will be represented by 
the difference of the two triangles A B N and F N G, and the direc- 
tion of the electro-motive force would be reversed if the triangle 
F N G were the larger of the two. 

The rule of signs for our diagram is that when the area is on the 
left of the neutral point the current through the warmer junction is 
(for example) from zinc to iron, and therefore the current through 
the colder junction is from iron to zinc. 

It Ls not universally the case that the thermo-electric relations of 
two metals can be represented by straight lines. Iron, for instance, 
in passing from a dull red to a \vhite heat, exhibits some remarkable 
irregularities which would be represented by a sinuous line. 

774. Thermo-electric Pile. — If a thermo-electric chain be composed 
of two metals occurring alternately (as in Fig 497), no effect will be 
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Fig. 497.— Pouillet's Thermo-pile. 



obtained by equally heating ttco consecutive jnnctions; for the current 
which would be generated by heating the one is in the opposite 
direction to that due to the heating of the other. If we number the 
junctions in order, we shall obtain a current in one direction by 
heating any junction which bears an odd number, and in the opposite 
direction by heating any one that bears an even number. The thermo- 
electric pile, or ther^io-pil€y whose use has been already described in 
connection with experiments on radiant heat (§ 472), is an arrange- 
ment of this kind, in which all the odd junctions are presented 
together at one end, and all the even junctions at the other, the two 
metals composing the pile being antimony and bismuth. The electro- 
motive force obtained with a given difference of temperature between 
the ends of the pile is proportional to the number of junctions, except 
in so far as accidental differences may exist between different junc- 
tions. 

776. Observation of Temperature by Thermo-electric Junctions. — 
Thermo-electric currents may be employed either for comparing 
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mall rliffereneea of temperature (which is the function of the thermo- 
pile), or for testing equality of temperature. As an exa>np)e of the 
latter application, suppose a circuit to be formed of two long wii'es, 
one of ii^on and the other of copper, connected at Vith ends, and 
covered with gutta percha or some other insulator except at the two 
junctions. lict one junction he lowered to the bottom of a boring, 
or any other inaccessible place whose temperature we wish to ascer- 
tain, and let the other junction be immeraed in a vessel of water 
containing a thermometer. If one of the wii-es be carried round a 
galvanometer, the direction in which the needle is deflected will 
indicate whether the upper or lower junction is the warmer, and if 
we alter the temperature of the water in the vessel till the deflection 
is reduced to zei'O, we know that the two junctions are at the same 
temperatme, which we can I'eacl ofl' by the thermometer immei-aed in 
the water. 

776. Thenno-pileB for Electro-metallurgy. — Of late years eomc 
ihermo-piles have been constructed which have sufficient electro- 
lotive force for the deposition of metals from solutions, and they 
i to some extent been employed commercially for this purpose, 
lie number of pairs of metals is usually about 70, the materials 
jeing in one instance iron and type-metal, in another iron and 
ma. These piles have the form of a hollow cylinder with junc- 
s facing alternately inwards and outwards. The inner junctions 
5 exposed to the flame of a Bunaen gas-burner, while the outer 
motions are kept cool by the contact of the air. 
, 777. Peltier Effect. — Peltier discovered that when a current is sent 
lirough a circuit of two or more metals, it cools some junctions and 
keats others, the distribution of heat and cold being opposite to that 
bich would produce the cun-ent. 
For example, if a current from a battery be sent through an 
■dinaiy thermo-pile, the junctions at one end will rise in tempem- 
re, and those at the otlier end will be depressed. If the battery 
I then removed, and a galvanometer substituted, a current in the 
mposite direction to the former will be indicated by the galvano- 
leter, until equality of temperature has been restored. 

I Peltier effect, as it is called, is superadded to the general 
irming due to the overcoming of resistance in the circuit, so that 
! actual temperature attained by a junction depends on both 

s combined. 
The Peltier eflect hi fi il e.t a junction whose temperature is the 
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ueutral point of the two met&k coneerued t 
the temperature Jeparta fuithor from the i 
wards or downwards. 

778. Thomson Effect. — lu a drcuit coiictuting of an iron and a 
%pper wiv^ joined at both ends, let one junction be at the neutral 
point, and the other at a lower teutpei-ature in virtue of this dif- 
ference of tempts i^at urea there will he a current iu the L-ireiiit, which 
may be employed to move a magnet, and thus do mechanical work. 
Heat equivalent to this work uiust U: de::>troyed in :>oine part of the 
circuit; and the destruction is not to be foiind in the Peltier ertects, 
for the only Peltier effect is a yeneratiuii of heat at the cold junc- 
tion; it must therefore occur Li une or both of the continuouti por- 
tions of wire. Also, by muving the magnet it would be possible to 
induce a i-eveme cunent in the circuit, a reverse Peltier etl'ect at 
the cold junction, and a generation of heat equal to the former 
deatruction. These considerations suggested to Sir Wm. Thomson 
an experimental investigation,' which showed that in copper a 
current from hot to cold ha-s greater i\'amiing power than a current 
from cold to hot; while the reverse rule holds for iron. In other 
words, the positive current produces an apparent convection of heat 
in copper, and the negative current in iron. It may he added that 
the convective effect ia very much greater in iron than in copper. 
Effects of one or the other of these two opposite kinds are exhibited 
by most of the other metals, lead being apparently neutral, 

779. Pyro-electrioity, — Another relation between heat and elec- 
tricity may here he mentioned, though it belongs rather to electro- 
statics than to cuiTent electricity. 

When a cry.'ital of toiu-maline is heated or cooled, observation 
shows that, while the crystal is gaining heat, one end of it has a 
charge of positive and the other of negative electricity; and while it 
is losing heat these charges are reversed. This phenomenon is called 
pyro-electricity, and it is always associated with a departure from 
symmetry in crystalline form, which enables us to distinguish one 
end of the crystal from the other. 

780. Effect of Light on Electrical Heaiatance.— Mr. Willoughby 
Smith has discovered that the electrical resistance of crystalline 
selenium is diminished by the action of light. A strong instantan- 
eous effect is observed at the moment when light first falls upon the 



' Pftkerian lecture, P*i7. Trani. 1853 



PROPERTY OF SELENIUM. 751 

substance, and the effect gradually increases for some time if the ex- 
posure to light is continued. Professor W. G. Adams found that 
exposure to the light of an ordinary wax taper at a distance of 
20 centims. diminished the resistance of a plate of selenium by about 
one-eighth part of the whole. 

Selenium is a very bad conductor, its resistance being more than 
a thousand million times that of iron. 



CHAPTER LVIIL 



ELECTRO-DYNAMICS. 



781. Meaning of Electro-dynamics. — A wire through which a cur- 
rent is passing, is found to be capable of producing movements in 
other wires also conveying currents. The theory of these move- 
ments, or more generally, of the mechanical actions of currents upon 
OTie another y constitutes a distinct branch of electrical science, and is 
called electro-dynamics. It stands in very close relation to electro- 
magnetism; and if the laws of either of the two sciences are given, 
those of the other may be deduced as consequences. 

The science of electro-dynamics was founded by Ampere. Figs. 
498, 499 represent an arrangement which he devised for rendering 

a conductor movable with- 
out interruption of the cur- 
rent conveyed by it. 

A wire is bent into the 
form of a nearly complete 
rectangle, and its two ends 
terminate in points, one 
above the other, so arranged 
that a vertical through the 
centre of gravity passes 
through them both. Ac- 
cordingly, if either or both 
of these points be supported, 
the wire can turn freely about this vertical as axis. The points 
dip into two small metallic cups x y containing mercury, and the 
weight is usually borne by the upper point alone, which touches 
the bottom of its cup. The cups are attached to two horizontal 
arms of metal, supported on metallic pillars, which can be con- 




Fig. 498.— Ampere's Stand. 
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lecfced with the two terminals of a battery, Tlie wire tlius forma 
part of the circuit, the current being down one aide of the rectangle 
and up the other. Instead of 
the rectangular the circular 
Form may be employed, as in 
~' : 500. 

If a magnet be placed be- 
leath, as in Fig. 499, the wire 
•ame will set ite plane perpen- 
icular to the length of the 
magnet, the relative position 
assumed being the same as if 
the wire frame were fixed, and 
le magnet freely stispended, 
we neglect the 
•effect of the earth 'k 
netism. 

782. Mutual Poroea between Conductors conveying Currents. — The 
_ following elementary laws, regarding the mutual forces exerted be- 
ween conductors through which currents are pass- 
:, were established by Ampere. For brevity of 
apression, it is usual to speak, in this sense, of the 
mutual forces between currents, or of the TJiitiuoI 
'anical action of currents. 
I. Successive portions of the saTue rectilinear 
rurreni repel one another? 

This is proved by the aid of two troughs of mer- 
!ury separated by a partition (Fig. 501). A var- 
ished wire is bent into such a form that two port.ior 
i the-8urface of the mercury in the two troughs, while connected 
Srith each other by an arc passing 
rver the partition. The only por- 
lons without varnish are the ends. 
When the terminals of a battery are 
iserted in the mercury, opposite 
■nds, as show^n in the figure, 
Sbe circuit is completed through the wire, and repulsion is exhibited, 
e wire moving away to the further end of tlie vessel. 

' This first law is not imiTerBally accepted, and cac eearcely be regarded » 
•e foiiiidii.tiim &8 the reat. 
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II. Parallel cv/rrents, if in the same direction, attract, and if in 
ike opposite dn^rection, repel each other. 

The apparatus employed for demonstrating this twofold proposi- 
tion, consists of two metallic pillars t, v (Fig. 502), which are respec- 
tively connected at their upper ends with the two cups of mercury x,y. 
The rectangular conductor ahcde is suspended with its terminal 
points in these cups so as to complete the circuit between the pillars. 
When the current is passed, this movable conductor always places 





■niw 



Fig. 602. —Attraction of Parallel Currents. 



Fig. 603.— Apparatus for Aepulsion. 



itself so that its plane coincides with that of the two pillars, and so 
that currents in the same direction in the pillars and in the wire are 
next each other, as shown in the figure. 

For establishing repulsion, a slightly different form of wire is 
employed, which is represented in Fig. 503. When this is hung from 
the cups, in the position which the figure indicates, the currents in 
the pillars are in opposite directions to those in the neighbouring 
portions of the movable conductor, and the latter accordingly turns 
away until it is stopped by the collision of the wires above. 

III. Currents whose directions are inclined to each other at any 
angle, attract each other if they both flow towards the vertex of the 
angle} or if they both flow from it, and repel each other if one of 
them flows tovjards the angle, and the other from it 

A consequence of this law is that two currents, as A B, D C (Fig. 
504), crossing one another near in different planes, tend to set 
themselves parallel, and so that their directions shall be the same. 



^ If the currents are not in the same plane, we must substitute the feet of their common 
perpendicular for the vertex of the angle, in the enunciation of this law. 
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For there is attraction between the portionH A and D 0, and also 

between the portions OB and OC; whereas there ia repulsion 

between A and O C, and between 

OB and OD. Accordingly, if the 

movable conductor of Fig. 502 or 503 
I be traversed by a current, and another 
I wirecarryingacnrrent be placed hori- 
( zontally at any angle underneath its 

lower side, the movable conductor will 

turn on its point of suspension till it 
j becomes parallel to the wire below it; 
I and in the position of stable equili- 

trium the current in its lower side will have the same direction as 

that in the influencing wire, 

783. Continuous Botation produced by a Circular Current. — Suppose 

we have a current flowing round a circle (Fig. 505), and also a cuirent 
.flowing along A, which in approximately a raiUua of this circle. 
I First let the current in A be from the 

centre towards the circumference, as indi- 
cated in the Jigure. Then, by law III., O A 

is attracted on one side and I'epelled on the 

other, both forces combining to make A 

sweep round the circle in the opposite direc- 
tion to that in which the circular current is 

flowing, If the current in O A were from 

circumference to centre, the tendency would 

be for A to sweep round the circle in the •''s- sos—CDnOnnuni Boutun 
, same direction as the circular current. 

The reasoning still holds if A is in a plane parallel to that of the 
I circular current, O being a point on the axis of the circle and the 
I length of A being not greater than the radius, 

A circular current may also produce continuous rotation in a con- 
I ductor parallel to the axis of the circle, and movable round that 
[ axis. Fig. 506 represents an arrang€m6nt for obtaining this effect. 

A coil of wire through which a current can be sent, is wound round 
[ the copper basin E F, its extremities being connected with the hind- 
I ing-screws 7/*, o. From the centre of the baiin rises the little 
I metallic pillar A, terminating above in a cup containing mercury, 
I This pillar is connected with the binding-screw n. The basin, which 
I ia connected with the binding-screw ^i, contains water mixed with a 
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little acid to improve its conducting power, and a LiovaUe conductor 
B C rests, by a point, on the bottom of the cup of mercury, while ita 
lowest portion, which consists of a light hoop, dip.s in the acidulated 
water. By connecting m and -n a, single circuit is obtained, of which 




o and p are the terininals, so that if v is connected with the positive 
and p with the negative pole of a batteiy, the current entering at o 
first traverses the wii'e coil, then ascends the pillar A, returns down 
the sides B, C to the floating ring and liquid, and so escapes to p. 
As soon as these connections Jiave been completed, the movable con- 
ductor conunonces continuous rotation in the direction opposite to 
that of the current in the coil. 

If, instead of connecting m and 71, we connect n and 0, and lead 
the positive wire from the battery to Ji and the negative wire to o, 
the course of the current will be from p to the acid, thence up the 
sides B, C, and inwards along the top of the movable conductor to 
the mercury cup, then down the pillar to n, thence to o. and through 
the coil from to m in the same direction as in the former experi- 
ment; but the rotation of the movable conductor will now occur in 
the oppasite direction to that before observed, and therefore in the ' 
same direction as the current. 

784. Action of an ladeflttite' Bectilinear Current npon a Finite Cur- 
rent movable around one Extremity. — A finite current movable about 
one extremity may also be caused to rotate continuously about this 
extremity by the action of an indefinite rectilinear current. This is 
clearly indicated by Fig. 507- In the right-hand diagram, the cur- 
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mt A flowing outwards from the centre of motion 0, and acted 
on by the indefinite cuiTent M N, is first attracted into the position 
A'. In thia new position it is repelled by n N, and attracted by 
Mn, Jt is thua brought succes.'iivuly into tlic positions OA", OA'", 
0A'^ In this last- 
mentioned position. 
the two currents beini^ 
parallel and opposite, 
there is repulsion; and 
after passing it, thei'e 
is again repulsion on 
I one side and attraction 
on the other, till it is 
carried round to its 

first position A. It Fi^- r,u7 -Ri.t^nluMnf EiiilnlCi.irent. 

is thus kept in eon- 

tinual rotation. If the movable current flows iuwai'ds to the centre 

of motion 0, as in the left-hand diagram, while the direction of the 

indefinite current is the same as before, the direction of rotation will 

be reversed. 
785. Action of an Indefinite Rectilinear Current on a Finite Current 

Perpendicular to it^Let M N, in the upper half of Fig. 508. be an 

indefinite rectilinear current, and 

AD a portion of another current 

jBJther in the same or in any other 

'^ane. In the latter case let DC 
the common peqjcndicular. 
len, if the currents have the 
rections represented by the ar- 
iows, an element at p will attract 

Kn element at vi with a force 

which we may represent by a line 

mf; and an element at p' equal to 

that at/) and situated at the same 

distance from C on the otiier side, 

will repel the element at 'iit with t-unvnt 

(■n equal force, represented by inf. Constructing the parallel ogi"am 
i forces, the resultant force of these two elements ujwn m is repre- 
fflited by the diagomil m F, wliich is parallel to M N and in the 
mposite direction to the indefinite current. As thi-s reu.soTiing applies 
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to all tlie elements of both cnrrenU. it follows that the current A B 
will experience s force tending to give it a motian of translation 
parallel to MN. This motion will be opposite to the directioQ of the 
indefinite current when the direction of the finite current is tow^^ 
the common perpendicular ItC, as in the upper dit^ram. and will be 
in the same direction as the indefinite current when the direction of 
the finite current is frfim the common perpendicular, as in the lower 
diagram. 

786. Action opon a Eectang^lar Carrent movable aboat so Axis 
Perpendicular to an Indefinite Current.— It follows from the preceding 
section that if a. tinitf current AB (Fig. oOO), perpendicular to an 




indefinite current, is movable round an axis 00' paiallel to itself, the 
plane A B O 0' will place ittelf parallel to the indetinite current, and 
A B will place itself in advance or in rear of the axis according as 
the current in A B is from or towards the indefinite current. 

If a pair of parallel and opposite currenbi B A, A'B', rigidly con- 
nected together, and movable round the axis 00' lying between them, 
are submitted to the action of the indefinite current, the forces upon 
them will cnTittjiire to place the system in the position indicated in 
the figure. If the two currents AB, A'B' are 
both in the same direction, their tondencies 
to revolve round the axis 00' will counteract 
I each other. 

The action upon the near side of the reot- 1 
angle (Fig. 510) contributes to produce the 
] same effect, since this side tends to set itself 
rallel to the influencing current, and so 
it the directions of the two shall be t 




Tlie action upon the further side of the rectangle tends to produce I 
.n oppo,site iffiect: but, in consequence of the greater distance, this 
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1 is feebler than that upon the near side. The system aceord- 
ingiy tends to take the position of stable equilibrium represented in 
the right-hand half of the figure. The diagram on the left hand 
. represents a position of unstable equilibrium. 

^^^1 What is here proved for a rectangular current, is true for any 
^^^nlosed plane circuit movable round an asis of symmetry perpendicular 
^^^■bo an indefinite rectilinear current; that is to say, any such circuit 
^^^Henda to place itself so that the current in the near side of it is in 
^^^Hjhe same direction as the indefinite current. 

^^^f These results can be verified experimentally by the aid of the 
1 apparatus represented in Fig. 511. CC, DD are two cups (ahown 

in section) surrounding the me- 
tallic pillar AB at its upper and 

lower ends, and containing a con- ctwfip 1 

ducting liquid. The lower cup is ' ' 

insulated from the pillar, and con- 
nected with the binding-screw g. 
The liquid in the upper cup CC 
is connected with the upper end 
of the pillar by the bent arm dtti. 
oK is a light horizontal rod sup- 
ported on a point at B, and carry- pig, eii.— Poniion »Mumeii by veritcn currei.t. 
ing a counterpoise K at one end, 

while the other carries a wire mnop, whose two ends nm and op 
^^^ descend vertically into the two cups, the middle portion of the wire 
^^HAteing wrapped tightly round the rod. The binding-screw / is con- 
^^^Kkected with the lower end of the pillar. If a current enters at / and 
^^^Beaves at g, its direction in the long veitical wire op will be descending; 
^^^Btnd it will be ascending, if the connections are reversed. By sending 
^^^Bk current at the same time through a long horizontal wire in the 
^^^'neighbourhood of the system, movements will be obtained in accord- 
ance with the foregoing conclusions. 

787. BinaonB Currents. — A sinuous current exhibits the same action 
as a rectilinear current, provided that they nowhere deviate far from 
each other. This principle can be exemplified by bringing near to a 
movable conductor (Fig. 512) another conductor consisting of a wire 
doubled back upon itself, having one of its portions straight, and the 
other sinuous, but very near the first. A current sent through this 
double wire traverses the straight and the sinuous portions in oppo- 
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mU: directions, and it will he fovnid that their joint effect npon the 
morM^ eondoctor U inappreciaUe. 

This priiicipk; holds dtA onl j f<^ rectilinrar carrents bat for cor- 
renln of an j form, and is Terr extenairelT empIoTe»i in the analytical 
investigations of electio-drnamics. In compating the acd'jii exer- 
cised bjr or upon a conductor of any form, it is generally oxirenient 
to substitute for the conductor itself an irnaginarr conductor, nearir 
coincident with it, and con«»ting of a .succession of short straight 
portions at right angles to one another fFig. 51 3 ^ 

788. Mutual Aetion of Two Elements of Cnirents. — ^Ampere based 
his anal^^ical investigations on the assumption that the aetion exer- 
cised by an element (i^. a very short portion) of one current upon an 
element of another, consists of a single force directed along the join- 
ing line. Tlil<i assumption conducted him to a formula for the amount 





Fig. 512L 
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Fig. 513. 



of this force, which has been found to give true results in every case 
capable of being tested by experiment. Nevertheless, it is by no 
means certain that either Amperes formula or his fundamental 
assumption is true. Other assumptions have been made, leading to 
other formulas in contradiction to that of Ampfere, which also give 
true results in every case capable of being experimentally tested. 
The fact is that experiments can only be performed with complete 
circuits, and the contradictions which subsist between the different 
assumptions, in the case of the several parts of a circuit, vanish when 
the circuit is considered as a whole. All the formulae, however, agree 
in making the mutual force or forces between two elements vary 
inversely as the square of their distance, and directly as the produqts 
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pof the currents which pass through them. Professor Clerk Maxwell^ 
discards all assuniptdoiis as to mutual actions between elementa at a 
distance, and employs the principle that a circuit conveying a euirent 
always tends to move in such a manner as to increase the number of 
magnetic t'orce-tubea (in the sense of i^ (i08) which pass through it. 
The work done in any displacement is measured by the number oE 
tubes thus added; but tubes which cross the circuit in the oppbaite 

t direction to those due to the current in the circuit are to be regarded 
B negative. 
We have seen (§ 711, 712) that the lines of magnetic force due to 
a currfait are circles surrounding it; and also that, when a line of 
magnetic foi-ce cuts a current, the latter experiences a foice tending 

I to move it at right angles to the plane of itself and the line oi torce 
In the case of two parallel curi'cnts, each is cut at right angles, by the 
lines of magnetic force due to the other; the direction of the force 
experienced by either current is therefore directly to or from the 
other current; and the criterion of § 712 will be found to indicate 
attraction when the directions of the currents are the same, and 
repulsion v^hen they are opposite. 
In Fig. 505 the lines of magnetic force cut OA in a direction 
perpendicular to the plane of the diagi-am, OA accordingly experi- 
ences a force perpendiculai' to its own length in the plane of the 
diagram; and the same remarks apply to AB in Fig. 509. All the 
experimental facts above detailed are in fact thus explicable. In the 
experiment of Fig. 501, where the application is scarcely so obvious 
s in the other cases, the observed motion may he deduced from the 
irection in which the bridge or aic connecting the two side-wires is 
nit by the lines of force." 
789. Action of the Earth on Currents. — In virtue of terrestrial 
ignetism, movable circuits, when left to themselves, take up de- 
inite positions having well-marked relations to the luies of terrestrial 
Magnetic force. For example, in the apparatus of Fig, 511, the ver- 
l wire up will place itself to the west or east {magnetic) of the 
pillar AB, according as the current in oj> is ascending or descending. 
"liis effect is due to the horizontal component of terrestrial mag- 
gBetism. 

In the apparatus of Fig. 500, if the current be sent only through 

■ Muxuell "On Fanwlaj'i Linea of Force." (.'ami. Tram. I8A3, p, RO. 

a Sonit furtlier rtninrka iin thfe forces enperienCBd \iy ourruiila in ni«|jTieUc field* will b« 

luid ii Chap. \\\. 
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the movable portion, continuous rotation will be produced, which will 
be with or against the hands of a watch according as the current in 
the top wires is inwards or outwards. This effect is due to the ver- 
tical component of the earth^s magnetism, acting on the currents in 
the horizontal wires. Vertical lines of magnetic force falling on a 
horizontal current give the latter a tendency to move perpendicular 
to its own length in a horizontal plane. 

790. Solenoids. — If we suspend from Ampfere's stand (Fig. 498) a 
plane circuit, whether rectangular or circular, it will place itself 
perpendicular: .Jio the magnetic meridian, in such a manner that the 
current in^it^ilower side is from east to west; or, in other words, so 
that the a^^eB^ng current is in its western and the descending cur- 
rent in itST eastern side; this effect being due to the action of the 
horizontal component of terrestrial magnetism upon the ascending 
and descending parts of the current. If, then, we have a number 
of such circuits, rigidly connected together at right angles to a com- 
mon axis, and with their currents all circulating the same way, their 
common axis will tend to place itself in the magnetic meridian, like 

the axis of a magnet. Such a 
system was called by Ampfere a 
solenoid {(rwXrjv^ a tube), and was 




A 



A A A A A A A s^^'*^^^^^ (<7wa»ji', a tube), and was 
U U U U (J (J U realized by him in the following 




manner. 

Imagine a wire bent into such 
a shape as to consist of a number 
of rings united to each other by 
straight portions. It will differ 
from a theoretical solenoid only 

Fig. 5u^-sorenoidI ^y haviug currcuts in these 

straight portions; but if the 
two ends of the wire be carried back till they nearly meet in 
the middle of the length, as shown at A and B (Fig. 514), the 
currents in these returning portions, being opposite to those in 
the other straight portions, will destroy their effect, and the re- 
sultant electro-dynamic action of the system will be simply due to 
the currents in the rings. The same effect is more conveniently 
obtained by , substituting for the rings and intermediate straight 
portions, a helix, which, by the principles of sinuous currents, is 
equivalent to them. Each spire of the helix represents a circle 
perpendicular to the axis, together with a straight portion parallel 
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the axis and equal to the distance between two spires. The effect 
of all the straight portions is exa^itly destroyed by the wires which 
return from the ends of the helix and meet in the middle. This 
arrangement, which is re- 
presented at C, is that 
which is universally 
adopted, the returning 
wires being sometimes in 
the axis, and sometimes 
the outside of the 



^^btelix. 
^H If a 
^^^ratructe 



If a solenoid, thus con- 
icted, be suspended on 
an Ampere's stand, as in 
Fig. 515, and a current 
sent through it, it will 
Lmediately place its axis 
ruallel to a declination 
tedle. It may accord- 
igly be said to have 
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In Fig. 510, A represents the austral or north -seeking, B tho 
wreal or south-seeking pole of the solenoid; that is to say, the 
[Birection of the current is against or 
irith the hands of a watch according as 
die austral or boreal pole is presentefl 
I the observer. The same differenci: 
a illustrated by Fig. 515. 

791, Dip of Solenoid.— If a solenoid 
could be balanced so as to be perfectly 
free to move about its contra of gravity, 

I 'it would place its axis parallel to the dipping-needle. The experi- 
raneiit would be scarcely practicable with a solenoid properly so 
pealJed, on account of its weight; but it can be performed with a 
udiigle plane circuit, such as that shown in Fig. .517. If such a 
Kirouit is nicely balanced aljout an axis through its centre of gravity, 
rand placed so that it can turn freely in the plane of the magnetic 
meridian, the passing of a current through it will cause it to set its 
plane perpendicular to the direction of a dipping-needle. This 
effect is due to the action of terrestrial magnetism on the upper 
■ rectangle. The plane of the rectangle ia 
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798. Xctnl . 
of Solcaoidft.— 
behave like uagnetd 
Doi odIj as ngarda tbe 
forces wliiofa they ex- 
pemnce tma terns- 
trial magDetism, but 
also as regards the ac- 
tions which they exwt 
upon one anotlier. The 
simiJar poles of two 
solenoids repel, and the 
unlike polesattract each 
other, aa we may easOy 
prove by suspending 
one solenoid from an 
Airi|i{.Tii'H utiLiiiJ aiui Ijiiiiging another near it, 

'J'lio ruOHOU of these attractions and repulsions is illustrated by 
Fig. 518. If two austral poles are placed 
^^ft^ ^0f^ Opposite eacli other, as in the upper part of 
flMaAj UU|[ lh(.^ fiLTure, the currents are circulating round 
^^^^B ^^^H thciji in opposite directions, and, by the laws 
\ j^^^ of parallel currents, should therefore repel 
eacIi other; whereas if two dissimilar poles 
be placed facu to face, the currents which 
circulate round them are in the same direc- 
tion, and attraction should therefore ensue. 

Lastly, if one pole of an ordinary magnet 
be brought near one pole of a suspended > 
solenoid, as in Fig. 519, repulsion or attrac- 
tion mil be exhibited according as the polee 
in question are sindlar or disduailar. In the position represented in 
the tiguiH', (hiii action is niainly due to the action of tJie boreal pole 
uf thi' utii^OH't tijHin the dvseendiitg currents in the near side of ifa« 
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solenoid. This action consists in a force to the left hand, nearly 
parallel to the axis of the solenoid, which tends to make the 
solenoid rotate about its supports, and thus to bring the end A of 
the solenoid into contact with the end 
B of the magnet. 

It may be shown, by the aid of 
Ampfere's formula for the mutual force 
between two elements, that the mu- 
tual action of two solenoids is equi- 
valent to four forces, directed along 
lines joining the poles of the solenoids, 
and varying inversely as the squares 
of the distances between the poles; 
the forces between similar poles being 
repulsive, and the other two attractive. 
The analogy between solenoids and 
magnets is thus complete. 

798. Astatic Circuits. — When it is 
desired to eliminate the influence 

of terrestrial magnetism in electro-dynamic experiments, an astatic 
circuit may be employed as the movable conductor. Two such cir- 
cuits are represented in the accompanying figures (Figs. 520, 521). 
In each of them the current in one half of the circuit circulates 




Fig. 619.— Action of Magnet on Solenoid. 




Fig. 520. 
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with, and in the other against the hands of a watch, thus produc- 
ing equal and opposite tendencies to orientation, which destroy one 
another. 

794. Ampere's Theory of Magnetism. — In accordance with the pre- 
ceding facts, Ampfere propounded the hypothesis that what is called 
magnetism consists in the existence of electric currents circulating 
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tlKr& i» a mnSxis^ '•^sarxOt'jtL *A ifjcct thfr^o^ the: whole ndtezuMr, 
aoi tLi^ RsaltaiEii ^^ilSect &§ th& saai«& a^ if theve woe anrents 
GTCoIatrnz rocEiKi the eiXcrkir of the loaznec as repceacnted in 

llaguetizatfioa br jntfaesice d*rpeiii^i^. accGc^iicg to this thconr, on 
the Vi!t^ietxy rA csav^xki& to i<et th&mtselves pazalkl and in jamiUr 
UrtcdfjEti; and if the ^^c«^taz&ce ma^netizEii jM^esses coeiciTe fence, 
the direction tho^ inipTies^ie^i on it& eorreiLij^ p4ezsst& after the infloenoe 
i& renjtorei. In soft irc>&. on the contnuv. ther lesnme their former 
irregolantx. ' ' 

AnkfeTfz\ tc.<eonr of magneti^iii i» in complete aecGvdance with all 
kncjrwn factaw Bat it adnuts of qnisstkn whether it is simpler to 
dsdace the lawr^ of magnetism an«i electio^nagnetian faom those of 
electr>-dTnamics; or to adopt the levieTse order. an*l deduce the laws 
of eleetroMivnamic^ from those of el€Ctro>magneti<nL 

795. Botatioas of MMgmets, — ^The fc^wing experiment is doe to 
Ampere. A magnet. irjad€d with platinum at its lower end, floats 
npri^t in mercory contained in a glass vessel iFig. 524)l A cavity 
h hollowed oat in the top of the magnet. This contains mercury, 
in which a point dips. On connecting one of the terminals of a 
lattery with this point, and the other with the outer edge of the 
mercury in the vessel, the magnet is seen to rotate on its axisu If 
the north-seeking pole is uppermost^ and the positive pole of the 
lattery is connected with the pcont, the direction of rolati<Hi is 

The Amperian explanatkm of this phencMnenon is, thai it is due 
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3 tile action between the outward-flowing current in the mercury 
FaiiJ the Amperian currents which circulate Tound the magnet. The 




Fig. £24.— RoUUall of Migust. 



ptter, as represented by the arrows ti C, C m. in Fig. -525, are opposite 
watch-hands. The outward-iiowing current in CD attracts the 
rrent in C m, since they are both directed away from the angular 
Wint G, and repels the current in ti C. Hence the magnet is made 
J rotate in the direction m C n, opposite to that of the Amperian 
jarrent. 

^ The experiment is sometimes varied by making the point dip in 
[he mercury in the vessel, the magnet being allowi^il to float freely 




•^ear it, and a metallic ring being immersed at the outer edge of the 
mercury, to which the current flows out in all directions from the 
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point. As soon as the circuit is completed, the magnet begins to 
revolve round the point. The rotation will be in the same direction 
as in the other form of the experiment; that is to say, if the current 
flows outwards from the point to the edge of the vessel, the direction 
of rotation will be opposite to that of the Amperian currents in the 
magnet. This is easily explained by the laws of parallel currents, 
for the current in O C (Fig. 526) attracts the Amperian current at 
m, and the current in O D repels the current at n. The magnet will 
therefore move from O D to O C, and will revolve round in the 
direction N.E.S.W. 

796. Magnetization by Currents. — Ampere's theory of magnetism 
leads naturally to the conclusion that a bar of iron or steel n\ay be 
magnetized by means of a current. Arago was the first to estab- 
lish this fact, but without a clear apprehension of the conditions 
necessary for success, or of the criterion for determining which 
will be the austral, and which the boreal pole. Ampere conceived 
the idea of introducing the needle to be magnetized into the axis 
of a solenoid, and the result confirmed his prediction that the poles 
of the needle would be turned the same way as those of the mag- 
netizing helix. This is what must happen if the currents in the 
helix force the Amperian currents in the bar into parallelism with 
themselves, so that all rotate the same way. 

It is to be remarked that, in this process of magnetization, the 
portions of the currents parallel to the axis of the helix produce no 
effect. The wire through which the current is to be sent may be 
wound like thread upon a reel, returning alternately from end to end, 
and all the convolutions will coniadbute to magnetize the bar the same 
way, although it is evident that the helices are in this case alternately 
right-handed and left-handed. The north-seeking and south-seeking 
poles may be in all cases distinguished by the rule that the direction 
in which the current circulates in the coil is against watch-hands as 
seen from the former and with watch-hands as seen from the latter j 
or it may be remembered by the rule, that if I identify my own body 
in imagination with a portion of the wire, and suppose the current 
to enter at my feet, while my face is towards the needle, the north- 
seeking pole will be to my left. In 1 and 2 (Fig. 527), a will be the 
austral (or north-seeking), and b the boreal pole of the inclosed 
needle, when the current in the helix has the direction indicated by 
the arrows. 

If the direction of winding is changed, in the manner represented 
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' that, as seen from one end, the direction in which the 
snt circulates is in one part with and in another against the 




hands of a watch, consequent points (§ 689) will be formed at the 
points of change. Thus, if the current enters at the left-hand end 
of the coil, the points a a will be austral, and the points 6 h boreal 
poles. 

797. Blectro-magnetB. — Arago was the first to observe the effect of 
a current in magnetizing soft iron. On plunging in iron-filings a wire 
through which a very strong current was passing, he observed that 
the filings clung to the wire, that they placed their length tangen- 
tially to it, and that they fell off when 
the current ceased to pass. Each filing 
was evidently, in this experiment, a little . 
magnet placing itself at right angles to the 
current. A cylindrical bar of ii'on can be 
powerfully magnetized by wrapping round 
it a coil of ittsulated wire and sending a 
current through tliia coil. Stout copper 
wire is generally employed for this pur- 
]K>8e. Such an arrangement is called an 
dectro-vvignet. 

The bar has often the horse-shoe form, as in Fig. 528, and in this 
case the central part is usually left bare. The direction of winding 
on the ends must be such that, if the bar were straightened out, the 
t would diculate in the same direction round every part. This 
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i"; dearW i^Lown in the figure. Elcctro-iuagnete hare b«en Mnstmcted 
capable of suftaming a load ol manr t(x». 

Besides the enormoos power that can be given them, electro- 
magnetA have the advantage of being readily made or anmade 
instantaneotuly, by completing or intermpting the drcuit to which 
the coO belongs. This principle has received very nameroos and 
A-sried applications, some of which will be mentioned in later 
diapt^^rs. 

7^ Beadnal Ka^etism. — When the current roond an electro- 
ma^et is intermpted, the destmction of the magnetization is not 
complete. The small remaining magnetization is called remanent or 
Tttnd'jyil magnetism. It is frequentlv snfficientiT powerful to retain 
the armatures in contact with the magnet, and thna necessitates the 
employment of opposing apiingg, if instantaneous separation is 
desired. The mere act of separation suffices to destroy the greater 
part of the residual ma^etism 

Fig. 329 represents an electro-magnet EE', furnished with an 




opposing spring g. The armature A, with its lever t, turns about 
the axis y v. The opposing spring g has one end fixed at K, and 
the other attached to the end of the lever t It therefore tends to 
remove the armature from the magnet, c and d are two points 
whose distance can be regulated, and which serve to limit the move- 
ments of the armature. 



CHAPTER LIX. 



INDUCTION OF CURRENTS. 



799. Induced Currents, — Induced cuireuts may be described as 
' eurrents produced in conduetoi'S by the influence of neighbouring 
currents or magnets. Their discoveiy by Faraday in 1S31 con- 
I BtituteH an epoch in the history of electrical science. We shall first 

I describe some modes of producing them; and then state their general 
law; 
8( 



600. Cuirents induced by Commencement and Cessation of Currents. 
—Let two coils be wound upon the .same frame B, one of them, called 



1 th. 




fig. UO,— Cumnt 



le secondary coil, having its ends connected with the binding-screws 
[bf the galvanometer G, while the ends of the other, which is called 
the primary coil, dip in two cups of mercury grj connected with the 
two plates of the voltaic element P. As long as the cuiTent is passing 
steadily in the priniaiy coil, the needle of the galvanometer remain.s 
undeflected; but if the current be stopped, by lifting a wire out of 
one of the mercury cups, the needle is immediately deflected, in- 
dicating the existence of a current in the same direction as that which 
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was prenouatv circalating in the prim&ry coiL This effect is very 
transitory. The nee<lle appears to receive a sadden impulse which 
iromediatelT pa^wes away. If the corrent be then re-established, 
there » a de^nation to the other side, indicating a cnrrent in the 
opposite direction to that in the primary coil: and this deviation, 
like that which occurred before, is merely the effect of an instanta- 
neons impnlse, the needle making a few oi^oillations from side to side, 
and then remaining steadily at zero. This experiment, which is 
substantially the same as that by which Faraday first made the dis- 
covery, establishes the following proposition: — WJifTt a current begina 
to flow, it induces an inven-e current in a neighbouring conductor; 
wAff» it cfasfs. it induces a direct current; and both the currents 
thus induced are merely instantaneous. 

801. Currents indsced by Variatiou of Sben^tli of Primmiy Current. 
— Employing the same apparatus, let as, while the primary current 
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is passing, connect the two mercury cups by the wire d {Fig. 531), 
thus dividing the circuit (§ 747), and causing a great diminution of 
the current in the primary coil. At the instant of making this con- 
nection, the needle of the galvanometer is affected, moving in the 
same direction as if the primary current were stopped; and on lifting 
the connecting wire out of one of the cups, so as to produce a sudden 
increase in the current in the primary coil, the needle moves in the 
opposite direction. Wh£n a current receives a sudden increase, this 
produces an inverse current in a neighbouring conductor; and when 
it is suddenly decreased, a direct current is induced. 

602. Currents induced by Variations of Distance. — Currenta may 
also be induced by change of distance between the primary and 
secondary conductors. Let the secondary coil, for exunple, be hoUow, 
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Q Fig, 532, and let the primary coil, with the eiurent passing in it, 
te suddenly introduced into its interior. The galvanometer wiU 
indicate the production of an inverse current in the secondary coil. 



I 

^Krhi 




len the iK-fdlf ha-; (.oiiic to rest, let the primary coil be withdrawn, 
and a direct current will be indicated by the galvanometer. These 
currents differ from those previously mentioned in being less sudden. 
They last as long as the relative motion of the two coils continues. 
Wlien a conductor ctyiiveying a cu/iTent appmachee or ia approached 
by a neighbouring conductor, an inverse current ia induced im the 
latter; a/nd when one of these condALctors 
moves a/way from, the other, a direct current 
IP induced, 

803. Magneto -electric Induction, — As a 
current may be regarded as a magnet 
{§ 711), and a magnet may be regarded as 
a system of currents (§ 7i)4), induction can 
be effected by a magnet as well as by a 

coil, 

Let a hollow coil be connected with a gal- 
vanometer, and a magnet held over it, as in 
Fig. 533. As long as the magnet remaiua 
stationary, no current is indicated; but 
when one pole of the magnet is thrust into 
interior of the cod, the needle is deflected by an impulse which 
only as long as the motion of the magnet. If the magnet is 
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<7rr^*«t":* "j t ijic ^»* 'zziZZff^L wri *Tin, iiii:r» i6r£kfc3' e^Swt. by 
sar tr'j-o-.iQ-^-T ^ia.wi ift sbt Esji:!:£..c .f i^k ■?;C Fir. ->^(. These 




•nnr^nb are dae t> tt« iiuigDen?m prodacied and ■Icsoot^ in the 
"oft brm. TT/tCTt t4< intfn^itif of rfi,rjjneti:'jtiv» of <i ptMe q^ iron 
or «(«*/ undfrgrxg -ckangri, cummt* an indaad im nrigkbouring 
c/rtduef.ofi. Th« dir^ctiiona of thes« eortmts can be inferred from 
tht yvxtuhn^ nil(3 bv siipi>*>s:rL;: a ^-jlenoi-i to be 3Qb^titated for the 
Biaznrt- 

804. Lens's Law, — TX»' tv/r-ini?;* tnJMor-i i-y tht rtlati't movemr^t 
titl-jfT of t'j:o circuits or of a cimiit anj a maffntt are always in 
trtjtrh dirtctiarig as to ffrcfucf m^-jftaiiifal fonvs tntding to oppose 
0't m//'.tirifjit. For example, when two parallel wires, through one 
of which a current is passii^, are made to approad, an c^posite 
correot is induced in the other; and opposite CDirenls by their mutual 
repakirtn resis-t approach. This general law ad to the direction of 
induoed currents was 6rst distinctly enunciated by Lenz, a Russian 
philosopher. 

806. Direction of Induced Correnta specified by Reference to Lines 
of Magnetie Force. — We have already mentioned, in connection with 
the mutual forces between magnets and currents {§ 712), that a 
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wire conveying a current experiences force perpendicular to its 
length, and at the same time perpendicular to the lines of magnetic 
force, when placed in a magnetic field. We have seen that, if the 
current is from foot to head, and the lines of force (for an austral 
pole) run from front to back, the force experienced by the wire is a 
force to the right. Motion of the wire to the right will diminish 
thia force by diminishing the current, motion to the left will increase 
it by increasing the current, and the amount of increase or diminu- 
tion 18 quite independent of the original amount of current. Let the 
direction of the lines of magnetic force for an austral pole he called 
from, front to back ; then the motion of a conductor to the right gene- 
rates a current in it from head to foot, and motion in the opposite 
direction generates an opposite current. We shall have frequent 
occasion to recur to this criterion of direction, which applies to everj- 
case of induced currents. 

Aa the generation of currents by induction depends not on absolute 
but on relative motion, namely the relative motion of the conductor 
and the lines of magnetic force, the criterion of direction will take 
the following form when the conductor is supposed to be stationary, 
and the lines of force to move.^ Let the direction of the lines of 
magnetic force for an austral pole be called from front to back, then 
if the lines of force move so as to cut through the cond/aMor from 
right to left, a current will be induced in the conductor from head 
to foot. 

If the conductor forms part of a closed circuit, we shall have a 
continuous current flowing through it as long as the motion lasts. 
If the circuit is open, there will merely be an incipient current, 
which, if its direction he from head to foot, will reduce the end of the 
conductor which we are regarding as its foot to a higher electrical 
potential than the other, and this difference of potential will be 
maintained as long as the motion lasts. 

806. Quantitative Statements.— In order to state the quantitative 
laws of induced currents in the simplest and most general manner, 
we must employ the conception of tubes of force as explained in 
§ COT (but they will now be tubes not of electrical but of magnetic 
force), and we must suppose them to be arranged in the equable 
manner described in § 608. That is to say, we must suppose the 

' It Iim7 be not«J that when n bar-magnet ie rotated on its a^la, it induiTea no carreni 
in a neighbouring wire^ inasmuch as Its lines of force uut suoh a wire onoe pusitivelj ani) 
once negatively. 
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whole field cat up into tubes of force in such a manner that, if a 
cross section (an equipotential surface as regards magnetic potential) 
be made in any part of the field, the number of tubes per unit of 
sectional area is equal to the intensity in that part of the field. It 
is more usual to speak of number of lines of force than of number 
of tubes, the convention being that each tube contains one line; but 
the counting of tubes rather than lines has the advantage of naturally 
allowing fractional parts to be reckoned, and not suggesting the idea 
of discontinuity. 

The tubes of force due to a magnet are to be regarded as rigidly 
attached to the magnet, and carried with it in all its movements, 
whether of translation or rotation. They undergo no change of size 
or form unless the magnet itself undergoes changes in its magneti- 
zation. 

These conceptions being premised, the quantitative laws of induced 
currents can be stated with great simplicity and complete generality. 

1. When a conductor is moved in a magnetic field, the electro- 
motive FORCE generated by the motion is equal to the number of 
tubes which the conductor cuts through per unit time. 

2. If the conductor forms part of a closed circuit, the current 
generated in the circuit is the quotient of the number of tubes cut 
through per unit time, by the resistance of the circuit; and, lastly, 

3. The whole quantity of electricity conveyed by the current is 
the quotient of the number of tubes cut through, by the resistance 
of the circuit. The quantity of electricity conveyed by a current of 
brief duration is measured by observing the swing of a galvanometer 
needle (§ 722). It is proportional to the greatest deviation of the 
needle from zero, provided that this deviation is small, and that the 
duration of the current is less than that of the swing. When experi- 
ments on induced currents are made under these conditions, it is 
found that the deviation of the needle depends only on the initial 
and final positions of the body which is moved, being independent 
both of the path taken and of the velocity. 

The dependence of the quantity of electricity induced upon the 
number of tubes cut through, was discovered by Faraday, who estab- 
lished it experimentally by moving a loop of wire in various ways 
in the vicinity of a magnet. The three foregoing laws were all, in 
fact, substantially established by the series of researches in which 
these experiments occur.^ 

* ResearcTuM, vol. iii. series xxviii. 
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P In counting the tubes cut through, it is necessaiy to attend to the 
direction of the current due to the cutting of each tuhe. Those tubes 
which are so cut as to give currents in oiie direction round the cir- 
cuit (when tested by the criterion of § 805) must Lave one sign given 
them, and those which give currents in the opposite direction must 
be reckoned as of the opposite sign. It is in every case the algebraic 
sura that is to be taken; and if a tube is cut once positively and 
"Jonce negatively, it may be left out of the reckoning. 

I 607. Deduction of the Laws from Electro-dynamic Principles. — The 
n the preceding section are deducible by the principle of energy 
from Maxwell's rule (§ 788), which asserts that the mechanical work 
requisite to produce a given displacement of a circuit in a magnetic 
field is equal to the strength o£ the current multiplied by the num- 
ber of tubes of force cut through. Call this number n and the cur- 
rent C. Then, if there is no other electro-motive force in the cir- 
cuit beside that which is due to the motion, the work C 71 must be 
Kual to the energy of the current, which is E C (, i denoting the 
ne. Hence we have 
-' 
at w, the electro-motive force is equal to the number of tubes cut 
rough per unit time. 

If the circuit contains a battery of electro-motive force E^, the 
energy supplied by this battery is E^Ct; hence we have 

^^Hiat ia, the electro-motive force E-E^ produced by the motion is 
^^Bqual to the number of tubes cut through per unit time; and these 
^^^be to be counted as positive when the direction of the motion b 
^^^Bposed to the forces of the field, since we have supposed positive 
^^Hjrork to be supplied. The induced current is therefore with or 
against the original current according as the motion is against or 
with the mutual forces between the current and the field. 

808. Tubes of Force for Beeultant and Components. — Tlie principle 

of superposition can he applied to tubes of force. For if we resolve 

the wliole force into any two components, these three forces will be 

represented by the three sides of a triangle as in Fig. 535, where 

^^FB C represents the rL'sultant, and B A, A C the two compiments. 




hy yf:*/x^yijit *^^^ «*'►**: *i^- ^rmrinr t jjBcitlii -h 5tt ininuipi 

<0'/::t>i^ «'»a ot. Tarartgut-. H^soee- the 
(evifjiti^ ^a^tBOEtt <i€ tie tioRifr tDlie> 
Tur*: mr^TNeii'T si^ iict ioreESu and the 
wistu^^iT *A titles per mih area of 
h^y^$y>^.^'^i%,'^ '^*^ **ieik«i will l^e directhr as the 

//I thfMu'/ \09uiii\M t/t B C, no n^ultarit tnhes are cot. and as manv 
f'/^iiff^/titrHi ttiU:7ii ^r^ r:^it from th«; ligJit to thff left as from the left to 
Um? rJi(ht f/f Si j><frv/ri trav*;llirig with the oompcaient forces In moving 
lf4trjMtftflumUir Uf BC, through a disstAuce equal to AD the perpendi- 

^fiilmr from A on BC, tli«j fraction ^, of one component tube is cut, 

fiwi tit**, irtwium y^\ r/f another, the sum of these fractions being 

HuMy, Htttuu% in every mr/tion, </t^ number of component tubes cut 
(rtHik(fUt*A fi\^(t\fr$iuuilly) in equ/il to iliz n/umber of resultant tubes. 

In (Umliui^ with t^.'rreHtrial magnetism, it is often convenient to 
(uttmUUtr HeparaUjIy the tul^eH of vertical and of horizontal force; for 
Mxamj/le, effifctn rl(?p(jnding only on horizontal force can be determined 
\iy (umHuUtrttm tlio liorizontal tubes alone. 

809. Uniform Field. — In a field of uniform intensity the lines of 
forc-e mutuil h(j eurv(5d, for if they were, the equipotential surfaces, 
whi(^h mifc ihnin at ri^ht anj^lcH, would not be equidistant, but would 
ho n«iar(<r to^cthnr on this Hide next the centres of curvature than on 
thii oppoNito HuU\ mul the force would be greatest where these sur- 
fa(M<H wji'o Hiwin^Ht (§ 004). The lines of force in a field of uniform 
Intoimity an* thm'c^fore Htraight; and, since the tubes of force must 
havt* a tuinistant orosH Hi»ction (§ 607), these tubes must be cylinders 
{)V prinrnM, anil tho Wuvh of force parallel. A field of uniform inten- 
Hlty of foriM^ is tlu>iH>foro also uniform as regards direction of force. 

Tho t»h>otn)-uu)tivo force generated by the motion of a straight 
wliv ot U^ngth L in a field of uniform intensity I, with a velocity of 
tmuslatlou \\ Innuif iMjual to the number of tubes cut through in 
\mit tin\o» will U^ L VI, if the length of the wire and the direction of 
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otion are perpendicular to each other and to the lines of force. For 
any other position of the wire, and for any other direction of motion, 
the number of tubes cut through wilt evidently be less. If the length 
of the wire is parallel to the lines of force, no tubes will be cut 
through, whatever be the direction of motion ; and if the direction of 
motion be parallel to the lines of force, no tubtis will be cut through, 
whatever be the position of the wire. In these two cases, then, 
there ia no generation of electro-motive force tending to produce a 
'ent along the wire. 
Terrestrial magnetism furnishes us with an example of a uniform 
field, so long as we confine our attention to a space of moderate 
dimensions, such as the intLTior of a room. 

810. Movement of Lines of Force with Otange of Magnetization. — 
As long as a piece of iron or steel remains unchanged in ita mag- 
netization, its tubes of force are to be conceived of as a rigid system 
rigidly connected with it. When the intensity of magnetization is 
increased, new tubes are added and the old one^ are crushed together. 
The new tubes are to be regarded as coming into existence at the 
magnetic axis of the magnet, and pushing the old ones further away 

the axis. When the intensity of magnetization tails off, a 
'erse motion occurs, and the axis absorbs those tubes which lie 
next it. 

Similar remarks apply to changes of strength in a current. The 
lines of magnetic force due to a ciuTent in a straight wire are circles, 
and the tubes of force are ruigs, having the wire for their common 
axis. When the current receives an increase of strength, the new 
rings must all be conceived of as starting from the wire, and push- 
ing out the old rings before them, and on the diminution or cessation 
of the current a reverse movement occui-s. 

When a cun-ent suddenly commences in a wire, or a piece of soft 
iron is suddenly magnetized, the effect upon a neighbouring con- 
ductor is the same (so far as this source of magnetic force is con- 
cerned) as if the conductor were suddenly moved up from a great 
distance into its actual positioa The experimental results described 
in §§ 800-80.1 are thus only particular cases of the general principles 
of §§ 805, 806. 

811. Dnit of Kesistance. — Units of levgth, jnass, and time, having 
been selected, uniiforre is defined as that which, acting on unit mass 
for unit time, generates unit velocity, 

A magnetic pole of unit strength, or a unit poh, is defined as that 
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which attracts or repels an equal pole at unit distance with unit 
force. 

Unit intensity of field is defined as the intensity at a place where 
a unit pole experiences unit force. 

A unit cun^ent, or a current of unit strength, is one which, for 
each unit of its length, affects a unit pole at unit distance with unit 
force. In passing through a circular coil of unit radius and length I, 
the force which it exerts on a unit pole at the centre is I. 

Unit electro-motive force is the electro-motive force existing in a 
circuit in which unit current does unit work in each unit of time; 
and unit rcHistance is the resistance of a circuit in which unit electro- 
motive force would produce unit current. 

The course of the above investigation shows that the units of 
length, mass, and time are suflScient to determine all the other units 
mentioned. It can be further shown ^ that the unit of resistance is 
independent of the unit of mass, and depends only on the units of 
length and time, being directly as the unit of length, and inversely 
as the unit of time — a property which is also characteristic of the 
unit of velocity. Hence a resistance, like a velocity, can be ade- 
quately expressed in Tnetres per second. The unit of resistance now 
commonly employed is the ohm, which is defined as ten million 
metres per second. The resistance of a Daniell's cell of the Post- 
office pattern is about 20 ohms. The resistance of a mile of sub- 
marine telegraph-cable is from 4 to 12 ohms. 

812. Induction by means of Terrestrial Magnetism. — If a wire ring, 
or any other form of closed circuit, receives a movement of transla- 
tion in a uniform field, no current is generated, because the same 
number of force-tubes are cut negatively as positively. Whatever 
currents are generated by the motion of a closed circuit in the terres- 
trial magnetic field, must therefore be due solely to- rotational move- 
ments. Suppose the circuit to consist of a single circle of wire, and 
let it be initially placed so that its plane is perpendicular to the 
dipping-needle, and therefore perpendicular to the lines of magnetic 
force. In this position, the number of force-tubes which it incloses 
is equal to the product of the inclosed area by the total intensity of 
terrestrial magnetic force, that is to xr^I, I denoting this intensity, 
and r the radius of the circle. Now let the ring rotate through 180** 
about any diameter, so that it comes back into its original place, but 
facing the opposite way. During this semi-revolution, each half of 

^ See Appendix at the end of this Part. 
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e ring ha-s Cut through all the tubes which pas.sed through the ring, 
and though in one sense the two halves have been cutting the tubes 
in opposite directions, the application of the criterion of § 806 shows 
that the resulting currents are in the same direction round the circuit. 
The number of tubes cut through is therefore to be reckoned as 2 Jtr^I, 
and the quotient of this by the time occupied in a semi-revolution 
is the average electro-motive force <§ 809). If the rotation be 
giiform, the actual electro- motive force ia greatest in the middle of 

e semi- re volution, and is zero at its commencement and termina- 
During the other half -re volution the circumstances are pre- 

jely the same, except that the two halves of the ring have changed 
f we compare the currents in two positions of the ring 
phich differ by 180°, we see that the current round the ring has the 
same direction in .space, but opposite directions as regards the ring 
itself. 

If, instead of a single ring of wire, we have a circular coil consist- 
ing of any numl>er of convolutions, with its two ends united, the 
same principles apply. If there are n convolutions, the electro- 
motive force will be n times greater than with one, but as the resist- 
ifflcc is al.so It times greater the strength of cuiTent is the same. 

In the apparatus called Dclezeiitt^'s Circle, a cuil of wire revolve,? 

•out a diameter, but the two ends of the coil, instead of being 
ictly united, are so connected with the two ends of the axis of 

tation that the circuit is completed through a galvanometer. On 

bating the coil rapidly by means of a liandle provided for the 
torpose, a current is indicated by the galvanometer, and this current 
I found to be .strongest (for a given rate of i-otation) when the axis 
H perpendicular to the dipping-needle. If the axis is inclined at an 
angle to the dipping-needle, the current is proportional to sin fl; and 
if the axis is parallel to the dipping-needle there is no current at all. 
For a given position of the axis, the cun-ent varies directly as the 
speed of rotation. When the time of a revolution is only a small 
fraction of the time in which the needle would oscillate, the varia- 
tions of electro-motive force, an<l consequently of current, which take 
place during a revolution, have not time to manifest themselves, and 
the deflection of the needle is that due to the average current. It is 
necessary, however, that a commutator be employed to prevent the 
reversal of the current at each hall'-revolution. The proportionality 
of the current to sin 9 is easily inferred from the principles of the 
foregoing .sections; for if the plane of a circle, instead of being per- 
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pendicular to the lines of foroe, is inclined to them at an ai^le 0, 
the number of force-tubes which it incloses wiU be not t'I, but 
x/^I sin 0. 

813. BritiBh AssociAtion Experiment. — The experiments upon 
which the present standards of resistance depend for their aothority, 
were conducted hx a committee of the British Assodaticm in 1862. 
A circular coil of wire, with its ends joined, was made to revolve 
rapidly, at a measured rate, about a vertical axis; and the coirent 
induced was measured by the deflection of a magnetized needle sus- 
pended, within a glass case, in the centre of the coiL The part of 
the earth's magnetic force which comes into play in this arrangement, 
is only the horizontal component, or I cos 3, i denoting the dip; and 
it is worthy of remark that variations in the horizontal intensity do 
not alter the deflection of the needle, since they affect to the same 
extent the amoxmt of the induced current, and the terrestrial couple 
on the needle ten^ling to resist deflection. 

All the other elements involved were determined by observation, 
and hence the value of R in metres per second was calculated. By 
comparing the resistances of other coils with that of the coil used in 
this experiment (a comparison which can be made with great accu- 
racy by means of Wheatstone s bridge), their values in metres per 
second were at once determined: and it was easv to construct a 
resistance-coil of ten million metres per second, or any other desired 
amount of resistance. As the resistances of metals are increased by 
heat, a standard coil can only be correct at one particular temperature. 

814. Induction of a Current on Itself: Extra Current. — ^If two por- 
tions of the same wire are side by side, the sudden commencement 
or cessation of a current in one, induces a current in the otlher, just 
as if they were portions of two unconnected circuits. An action of 
this kind occurs whenever a current commences or ceases in a coil, 
each convolution exercising an inductive influence on the rest. This 
action is called the induction of a current upon itself, and the cur- 
rent due to it is called an extra current 

The extra current on the commencement of the primary current is 
inverse, and merely acts as a hinderance to commencement; but the 
extra current on the stoppage of the primary current is direct, and 
is often a strongly-marked phenomenon. Hence it is that, with 
batteries of ordinary power, a spark is obtained on breaking, but not 
on making connection. The spark is particularly brilliant when a 
coil of many convolutions is included in the circuit, and especially if 
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Ls coil iiidoaes a core of soft iron. If an observer liolds in Iiis handa 
o metallic handles peniianently connected with the two ends of 
such a coil, and if the circuit of the batteiy is alternately made 
and broken, he will receive a ahock from the extra carrent at 
each interruption. If the interruptioRS succeed each other rapidly, 
the physiological efiect may become very intense. Many of the 
machines employed fur medical purposes are constructed on this 

^^^B Special contrivances are pixivided for producing a lupid succession 
^^^H interruptions at regular intervals. They are called rheotomes or 
^^^mmtact-brealcers. Sometimes they consist of toothed wheels turned 
^^^■jy hand,— sometimes of vibrating armatni-es moved automatically. 
^^^f 81S. Rnhmkorff's Indnction-coil. — Induced currents capable of pro- 
ducing very striking effects are furnished by the apparatus first 
successfully constructed by Ruhmkortf. and hence known as Ruhm- 
korff's coil. 

It contains two coUa of wire, one of them forming part of the 
circuit of a battery, and called the primary coil; while in the other, 
_called the secondary coil, the induced cun-ents are generated. In the 
.xis of the coils is a bundle of stout straight wires of soft iron, with 
( disc of the same material at each end, to which the wires are 
nited. Around this core is wound the primary coil, consisting of 
■■copper wire about two millimetres in diameter. The ends of this 
^re are shown at / and f. The secondary coil consists of much 
r wire (about a quarter of a millimetre in diameter) and of much 
Ireater length. In targe instruments the primary coil may have a 
aigth of 80 metres, and the secondary a length of 150 kilometres 
p4 miles). Special precautions must be taken to insulate the dif- 
arent convolutions of the secondary coil from one another, and from 
fke primaiy coil. The two ends of the secondaiy wire are at the 
inding-screws A, B, which are supported on glass pillars. It is 
obvious that if currents are alternately passed and stopped in the 
primary coil, there will be an alternate generation of currents (or at 
all events of electro-motive forces) in opposite directioas in the 
secondary coil. The action of the core is similar to that of the soft- 
iron liar in Fig. 534, and its inductive effect is always in the same 
direction as that of the primarj' coil, for the primary coil may itself 
Ije regarded as a temporary magnet with its poles turned the same 
way as those of the core. 

The two ends of tlie primary cod Eure in connection with the two 
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B point again dips in the mercury, and complettis the cii'cuit. A 
1 layer of abaolute alcohol is usually poured on the surface of the 
mercury, and serves, by its eminent non-conducting power, to make 
the interruptions and renewals of the current more sudden. 

The coTumutator C is a frequent appendage to electrical apparatus, 
its office being to stop the current from passing, or to make it pass 
in either direction at pleasure. As fitted to Ruhmkorft"s coil, it has 
usually the form represented in end view and bird's-eye view in the 
two parts of Fig. 537. There is a cylinder of insulating material 
turning by means of metallic axle- 
ends on insulating supports. One of 
the axle-ends is connected by means 
of the screw g with the brass plate C 
on the surface of the cylinder. A 
similar plate C on the opposite side 
i» in like manner permanently con- 
nected with the other axle-end by the 
.screw g'. These two plates C leave 
between them a considerable portion 
of the insulating surface of the cylin- 
der uncovered. In the position repre- 
sented in Fig. 537, the two binding- 
screws A A' are connected respectively 
with the two axle-ends. If the com- 
mutator were turned (by its milled 
head) through 180°, these connections 
would be reveitiei.1; and if it were 
turned through 90°, the connections 
would he interrupted, as the contact- 
springs ff would hear against the 
uncovered portions of the insulating 
cylinder. The milled head is of c 
so as to protect the operator. 

816. Spark f^om Induction-coil. — When the ends of the secondary 
coil are connected, currents traverse it alternately lu opposite direc- 
tions, as the primary circuit is made and broken. These opposite 
currents convey equal quantities of electricity, and if they are em- 
ployed for decomposing water in a voltameter, the same proportions 
of oxygen and hydrogen are collected at both electrodes. If, how- 
(ver, the ends are disconnected, so that only disruptive discharge can 
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AtfiB^. jnd rsJbdlst dBwt* ec«|ttz:fcU«r ^ fLottr firmrnHii if <pfertrifal 

The gTMtt ActfOHMiodTfe ioror of tte indoced cm iml . whkh r niHrr 
is to ppciidiiatt; tlMAit «caikiiig etfccUL. depenk en diifr ^;i«tt — ihfr of 
tfMPf^isaifiak of tL«r Menukoy eoil, and on dic; miVh iim ■■ of the 
ktf^mpCMii of due prauair cmrad. The arcmec clBUau -aMtive 
£c«<«; k thi; pKodxMt of the finnrihfT of conrofaitiaBs br the nmnlier 
of tobcs of foree which eat thiough them, dhided bf the 
time cieeiipied ^$ fi06> 

The dkcharges from a RohmkorflTs eofl beeome moee 
vkpknt and detonatmg if the two dcdrodes of the 
iveeoodafy ocaI are eooneeted RapeetiTelT with the two 
eratingt of a Leyden jar, bat the lei^;th of the spark 
is verjr moefa diminished. 

IndaetiaD'eails are often used for firii^ mines, oy 
means of Statham's fose, whidi is rqwesented in the 
annexed figure (Fig. 538). Two eqqio' wires eoTered 
with gutla-percfaa have their ends separated bj a space 
of a few millimetres, and inclosed in a little cylinder di 
gatta-percha containing solphoret <rf cc^iper. This, 
again, is inclosed in a cartridge, C D, which is filled up 
with gunpowder. The two wires are connected with 
the two ends of the secondaiy coil, and whoi the in- 
strument is set in action, sparks p^ss betwe^i the ends 
A, B, heating the sulphuret of copper to redness, and exploding the 
powder. 

817, Disebarge in Rarefied Oases. — When the ends of the secondary 
coil are connected with the electrodes of the electric egg (Ilg. 539), 
which has first been exhausted as completely as possible by the air- 
pump, a luminous sheaf, of purple colour, is seen extending from the 
positive ball to within a little distance of the n^ative ball The 
latter \a surrounded by a bluish glow. The blue and purple lights 
are separated by a small interval of darkness. If other gases are 
used instead of air, the tints change, but there is always a decided 
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nfference of tint between the positive and negative extremities. 
By the aid of the commutator it is easy to reverse the current, and 
thus produce at pleasure an interchange of 
the appearances presented by the two ter- 
minals. 

If, before exhausting, we introduce into 
the egg a little alcohol, turpentine, or other 
volatile liquid, the light presents a series 
of bright hands alteraating with dark 
spaces. Plate II. fig. 1 represents tlieae 
stratifications as seen in vapour of alcohol. 

The phenomenon of stratification is seen 
to more advantage in long tubes than in i 
the electric eg^; and the presence of alco- | 
holic or other vapour may be dispensed I 
with if the exhaustion be carried suffi- 
ciently far, as in the tubes constructed 
by Geissler of Bonn, which contain various 
gases very highly rarefied, and have pla- 
tinum wii-es sealed into their extremities 
to serve as electrodes. Four such tube.s 
are represented in Plate II. Certain sub- 
stances, such as uranium glass, and solu- 
tion of sulphate of quinine, become lumin- I 
ous in the presence of the electric light, Fig. Mfl.-Eici:tricKgg. 

and a.re called Jttiorescent. Such sub- 
stances are often introduced into Geissler's tubes, for the sake of the 
brilliant effects which they produce. 

818. Experiments of OasBiot and Be La Hue. — By means of a battery 
of some thousands of cells, discharge in rarefied gases can be obtained 
without the use of an induction-coil, and with the advantage of 
greater steadiness, Tliis has been done by Mr. Gassiot, and on a 
larger scale by Mr. De La Rue. The stratifications are still observed, 
and appear absolutely fixed in position to the naked eye. When 
examined by a revolving mirror they are found to exhibit the appear- 
ance of a rapid succession of discharges. 

Mr. De La Rue's battery consists of 1 1,000 small chloride of silver 
cells; and when all the cells are used, a steady stream of fire passes 
between the terminals as soon as they are brought within about 
jalf an inch of each other, in air at atmospheric p 
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the air on be «x£asscd. and is ooaiaI 
witx. an ins^uting sstEonfe lo pre- 
vect -iiscb&rg^ betireen it and a 
Hieuilic rii^ wfaid sanoonds it near 
its low^r enl When tbe luminals 
of a l«iu:ry are eonneeted. iwe with 
thii; ring, and the other with the 
upper end of the apparatus, a lomin- 
ous sheaf extends frcHu the sommit 
towards the wire rin^. and snrroimds 
the soft iron. If. while things are in 
this condition, we place beneath tbe 
apparata5: one pole either of a per- 
manent magnet or an electro-magnet, 
the Boft-iron rod is magnetized, and 
the luminous streaks immediately 

begin to revolve round it, the direction of rotation being always in 

accordance with the rule of § 712. 

820. Magrneto-electric MachineB. — Faraday's discovery of the in- 
daction of currents by magnets, was speedily utilized in the construc- 
tion of magneto- electric machines, which, without a battery, and with 
no other stimulus than that afforded by the presence of a perma.nent 
magnet, enable the operator, by the expenditure of meebanieal work, 
to obtain powerful electrical effects. The first machine of this kind 
was constructed in 1833 by Pixii. A magnet A was made to revolve 
close to a double coil BB' (Fig. 541), in which a current was thus 
generated. The construction was improved by Saxton, and after- 
wards by Clarke, who made the magnet fixed, and caused the coil, 
which \a much lighter, to rotate in front of it. Clarke's machine is 
extremely well known, being foimd in nearly all collections of physi- 
cal apparatus. 

821. Clarke's Haebine. — In this machine there is a compound 
horae-shoe magnet fixed to a vertical support. Close in front of the 
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pagnet, near its poles, are two 



Boft-ii 



The two 



t-iron core, 
are united by a plate of copper 
on the side next tlie magnet, and 
by a plate of soft iron on the 
remote aide. The direction of 
winding in the two coils is the 
same as for an ordinary horse- 
shoe electro-magnet. The coila 
are mounted on an axis /, which 
passes through the support of 
the steel magnet, and carries a 
By meaiLs of an endle.'iB 
over this pinion, 



connected 
cores 





over a large wheel to which a handle is attached, tha 
sion, and with it the coils, can be made to revolve rapidly. The 
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sated oi^^^l 
line the^ 



ends of the win whith fbnns the two eoib uc eo Bn e ci ed l a ip c dlK d] 
witli tiie two motsiiie pteoee E, E* (Fig. 5i3). whicb aie moaateJ 
the axis, but insaliied 
and fram c»di otber. 

Let OS now exu 
fcmiatioB a£ the 
Tlifi two inn ecms, witlt tlwir 
eamtecting iron pUte, may 
be rc^snkd as a tempcKsiy 
hoTse-shoe magnet, whose poles 
ate always of t^^podte name 
' to those oi the steel magnet 
whidi are respectively nearest 
«KW».-Om iiiii latbTiMtt^*. to them. The intensity of 
magnetization is greatest when 
» aoft-iroo magnet is horizontal, vanishes when it is vertical, and in 

^ throogfa the vertical posidon undergoes reveisaL If we call J 
le direction of magnetization positive and the oppodte direction n 
> tiTe, the strongest positive magnetization Dorresponds to one of thel 
two borizoDtal portions, and the strongest negative to the other, thel 
two pceitions differing by 180°. While the magnet^ then, is revolv- T 
ing from one horizontal position to the other, its magnetization ii 
k^aanging from the strongetit po^tive to the strongest negative, and! 
\ this change produces a mureiit in one definite direction in the sor- 1 
rotmding coiL During tbc next half- revolution the magnetization! 
is agun gradually reversed, and an opposite current is generated iaM 
the coil. If we examine the direction of the currents due to thel 
cutting across of the lines of force of the permanent magnet by the.1 
convolutions of the coil, we shall find that they concur with those'l 
due to the action of the cores. The current in the coils circulate 
in one direction a» long as the electro -magnet i^ moving from onft'l 
horizontal position to the other, and changes its direction at the in>| 
Htant when the cores come opposite the poles of the steel magnet 

By the aid of the commutator represented in Fig. 543, the currents 
may be made to pass always in the same direction through an 
external circuit. )■ and r' are two contact-springs bearing against 
the two metal pieces E, E', which are the terminals of the coil. 
the instant when the current in the coil is reversed, these springs I 
are in contact with intermediate insulating pieces which separate the'l 
metallic pieces E, E', WTien the cuiTent in the coil is in one direc-T 
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1 (say from E to E'), r is in contact with E, and r' witli E'. When 
current in the coil is in the opposite direction (E' to E), r is in 
contact with E', and r' with E; thus in each case r is tlie positive 
and / the negative spring, and the current will be from r to r' in an 
external connecting wire. 0, O'O', are metallic pieces insulated 
from each other, and connected with the springs rr' respectively. 
Binding-screws are provided for attaching wire.s through which the 
current is to be passed. 

With this machine water can be decomposed, wire heated to red- 
ness, or soft iron magnetized; but these effects are usually on a 
small scale on account of the small dimensions of the machine. 

For giving shocks, two wires furnished with metallic handles are 
attached to the binding-screws, and a third spring is employed which 
puts the terminals EE' in direct connection with each other twice in 
each revolution, by making contact with two plates q. When these 
contacts cease, the current is greatly diminished by having to pa-sa 
through the body of the person holding the handles, and the extra- 
current thus induced gives the shock. To obtain the strongest effect, 
the hands sliould be moistened with acidulated water before grasping 
the handles. 

823. Hagneto-eleotrlc Machines for Lighthouses. — Very powerful 
cts can he obtained from magneto-electric machines of large size 

[■ivcn rapidly. Such machines were first suggested by Professor 
oUet of Brussels; and they have been constructed by Hohiies of Ijoh- 
on and the Compagnie I'Alliance of Paris. It is by means of these 
machines that the electric light is maintained in several lighthouses; 
they have also been employed to syme extent in electro-metallurgy. 
B'ig. 544 represents the pattern adopted by the French company. 
It has eight rows of compound horse-shoe luagnets fixed symmetri- 
cally round a cast-iron frame. They are ao arranged that opposite 
poles always succeed each other, both in each row and in each cir- 
cular set. There are seven of these circular sets, with of course six 
intervening spaces. Six bronze wheels, mounted on one central axLs, 
revolve in these intervals, the axis being driven by steam-power 
transmitted by a pulley and belt. The speed of rotation is usually 
about 350 revolutions of the axis per minute. Each of the six 
bronze wheels carries at its circimtference sixteen coils, corresponding 
to the number of poles in each circular set, The core of each coil is 
a cleft tube of soft iron, this form having been found pcciiHarly 



hvourable to rapid dum 
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-he cuiU. The coils can be am- | 

_ a* great electro-motive force « 

» required. The poeitive ends are connected with 
the axis tA the machine, which thus serves as the positive electrode. 
Mill a concentric c^rtinder, well insolated from it. is employed as the , 
nc^^ive electrode. 

Wt>«i the machine is empluyed for the prodoction of ike electric I 
light, the eurrettts may he transmitted to the carbon points in alter- 
nate directions, as they are prodoceil. For electro-metallitrgical , 
porpoees they are lirought into one constant direction by a com- 
luntator, as in Clarke's machine above described. The driving-power ' 
rwjuired for lighthouse purposes is about three horee-power. 

Machines of this elaHS are never constructed now, as the same 
[Kiwer in obtained with only a 6fth of the weight in the machines of i 
Siemens and Orarunie. 

823. Siemens' Armatare. — An important improvement in ClarkeV I 
iiiacliinc was introduced by Hiemens of Berlin in IS-Ji. It consists 1 
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tlie adoption of a peculiar form of electro-magnet, whjcli 
ited in Fig, 5+5. The iron portion in a cylinder with 
very deep and wide groove cut along a pair of oppo- 
flte sides, and continued round the ends. The coil 'm 
wornid in this groove like thread upon a shnttle. 
Regarded as an electro-magnet, the poles are not the 
ends of the cylinder, biit are the two cylindrical faces 
which have not been cut away. In Fig. oiG, nb is a 
section of the armature with the coil wounJ upon it 
AE M N is a socket within \\lucli the armature ievol\e'» 
the portions AB heing of iron and M N if Irata 

The advantage of Siemens armat ire is that on 

account of the small space required for its rotation it 

be kept in a region of ^ery intense magnetic foic 

the use of comparativelj small magnets Itw fDii i 

also eminently favourable t lapil rotation It i^ 

placed between the opposite poles ot a row ot hoi-s 1 

magnets which Iwstride it al ug the wholf ot its 1 ngtl 

shown at the top of ti^ T^tt ai d is r tate 1 ' \ 

of a driving-hand pajwing over the pulley shown 

the lower end of Fig. 54o. 

The polarity of the electro- magnet is reversed at each 
half -re volution as in Clarke's arrangement, and the f^e. 
alternately oppa^ite currents generated are reduced to a ' i„,t 
amnion direction hy a commutator nearly iflentical with 

1 represented in Figs. Sin, o47. Siemens' machine 
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buch more powerful than Clarke's when of the same size. 
, 834. AccamulatioD by Succeeeive Action: Wilde's Uachine, — By 
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employiiig (he corrent from a Siemens' miv**'''H to m&gnetize soft 
irfD, we can obtain an electro-magnet of much greater power than 
the steel magnets from whose induction the corrent was derived. 
By caosing a second coil to rotate between the poles of this electro- 




magnet, we can obtain a cuntut of luucli gitater power than the 
primary current. Thia is the principle of Wilde's machine, which is 
represented in Fig. 548. It eonsiata of two Siemens' machines, one 
above the other. The upper machine derives its inductive action 
from a row of steel magnets M, whose poles rest on the soft-iron 
masses m, n, forming the »i'les of the nocket within whieli a Siumene' 
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laruiature r rotates. The currents generated in the coil, after being 
■reduced to a uniform direction by a commutator, flow to the binding- 
I screws ^), q. These are the terminals of the coil of the large electro- 
r magnet A B, through which accordingly the current circulatua. The 
core of this electro-magnet consiats of two large plates of icon, con- 
nected above by another iron plate, which supports the primary 
}■ machine. Its lower extremities rest, like those of the primary 

■ magnets, on two iron masses T, T, separated by a, mass of brass i; 
and a second Siemens' armature F, of large size, revolving within 
this system, furnishes the currents which are utilized externally. 
'■ Wilde's machine produces calorific and luminous eftects of remark- 

able intensity; but the speed of rotation required b very great, being 
sometimes 1500 revolutions a minute for the large, and 2000 for the 
small armature. This great speed involves serious inconveniences ; 
and the machine does not appear to have been used for lighthouses, 

tor other practical purposes. 
Wilde's principle can be canied further. The current of the second 
arraatui'e can be employed to animate a second electro- magnet of 
£i-eater power than the first, with a third Siemens' aniiature revolving 
between its poles. This has actually been done by Wilda By 
means of the current from this triple machine, di'iven by 15 horse- 
power, a bar of platinum 2 feet long and a <juai-ter of an inch in 
diameter was quickly melted. This system of accumulation could 
probably be carried several stops fuither if desii-ed. 
ji^H 83S. Aoaamulation by Mutual Action; Dynamo-electric Machines. — 
^^HSiemens and W'heatstone nearly simultaneously proposed the con- 
^^Bstruction of a magneto- electric machine in which the iuduced cur- 
^^^ rents are made to circulate round the soft-iron magnet which pro- 
duced them. Iron has usually some traces of permanent magnetism, 
especially if it has once been strongly magnetized. This magnetism 
serves to induce very feeble currents in a revolving armature. These 
currents are sent round the iron magnet, tlius increasing its raagne- 
tizatioiL This again produces a proportionate increase in the induced 
currents; and thus, by a successive alternation of mutual actions, 
very intense magnetization and very powei-ful cun'ents are speedily 
obtained. Machines constructed on this principle ai^e called dynaino- 
c. In the iiiacliine as exhibited by Siemens in 1867, the cur- 
rent was diverted into an external cii^cuit, at regular intervals, by 
n automatic ari'angement, 
826. Ladd's Machine. — La' Id in ISOTconstiucti^d a dynamo-olcctiie 



I hsnag two revoMo^ amiEbtrM. i 
i»g tbe power of the e^*'*'"-"**'™^ 



for *ng tiinnritig la 

the other ftv ghra^ , 



B, V (Fig. Sf9) m tiro pUtes of ixca smroiuided by ooils whtcfa , 
Mtr toBOxtted logeAer at tbe rij^t-buti] eoA. Tbe other mds 
aic attedted to two bindh^-vrffw* contK«t««l with tbe ends of tbe 
oofl (rf a ^eni«ns' armstarp n*. Thr- direction of wiiMiing of tbe 
two lai^ ooiW BB i^- tbe same as for a hotse-sboe aiagitet, m> that 



■ |iolet> ai either end are of oppc^te sign. Ute mds of the 
) let into masses of soft iruo M IL X N, between which 
' rotate. TIw ocai vi the anoatoie a is connected 
with tbe external drcnit containing, for cxauiple, two carbon pohtts 
for ^lifaitiiig tbe flectric light. 

On tbe priuciplf of mutual action, the electio-magnets B, B*, which 
we maj suppoiie to have at first only a trace of magnetism, are soon 
tused to fvry inten&e magnetitatMO by tbe r^nd rotation of tbe anna- 
tare a,', and as long as tbe rotation eontinatis, tbe magnetization is 
maintained. Tbe i»{Hd rotation of the other annatore a between the 
pnlea tbos strongly excited, produces a very powerfol current wlii^ 
1 be utilised e^temallr. 
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Rulinikoi'fl' modified this arrangement by employing a single rotat- 
ing armature with two coila wound upon it, one of them being 
connected with the electro-magnet, and the other with the external 
circuit. 

The effi" ency of machines of this description, i-egarded as means 
for the transformation of mechanical into electrical energy, ia un- 
doubtedly very considerable; but a lai-ge amount of energy is wasted 
in generating heat. On account of the high velocity necessary for 
efficient working, and the small size of the apparatus in comparison 
with the currents obtained, the elevation of temperature is often so 
great as to prove a soui-ce of much annoyance. 

8S7. Siemens' Machine. ^Siemens' dynamo-electric machine, as 
now constructed, is shown in Figs. 550, 551, 

An armatui'e containing sevei-al independent coils is rapidly 
I rotated between two sets of cur^'ud u-on bara, one set above and the 




Vbtber below the armature. These bars are prolonged at both 
ends thi-ough the foui' fixed coils shown in the figures, so that 
the upper bars, for example, form the core of the two upper 
£xed coils. The currents in these two coils are in opposite direc- 
tions, 80 that the bar has a "consequent point" in the middle of its 
length. If these middle points are north poles, then the middle 
points of the lower bare are soutli poles, and the aniiatui-e-coils, by 
nrolving between these poles, have ciirrfuts generated in them. 



INDUCTION OF CURHENTS. 



which are given off from their tepninals to contact-springs, consist- 
ing of bundles of copper wire (tedinically called brushes), not shown 




in the figures, and, after traveraing the fixed coila, pass to tlie exter- 
nal portion of the circuit. 

828. Gramme's Machine. — One of the most efficient magneto- 
electric machines is that of Mons. Gramme, the conatruction of 
which is peculiar. Let C D E F (Fig. 552) be a ring of soft iron, 
wrapped lound with insiulated copper wire, and levolving in ita own 
plane between the poles P, P* of a fixed magnet. Tlie ring will, at 
any given instant, consist virtually of two semi- 
circular magnets, f C D, FED, having a pair of 
similar poles at F, and the other pair at D, these 
heing the points directly opposite the poles of 
the fixed magnet. Since the poles of the ring 
remain fixed in space, the electric effect in the 
copper wire is the same as if the wire coil alone 
rotated, its core remaining stationary. The effect 
of this rotation would be, that in the portion 
C F E of the coil there would be electro-motive 
force tending to produce a current in one direc- 
tion, — say the direction C F E; while in the other 
V™^ half, C D E, there would be electro-motive force 

Fi» tn.— HignBtudRin^ tending to produce a current in the opposite 
direction — that is the direction ODE. The effects 
in the two halves are opposite as regards the current which they 
tend to produce in the coil as a whole; but they are the same as 
regards the electro-motive force between the opposite points C and E ; 
and if the two ends of an external conductor be maintained in rub- 
bing contact with the coil at these two points, a permanent current 
will flow through it in virtue of this electro-motive force. 

The above reasoning may be put in the following form. Nearly 
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f all the tubes of foi'ce which nm from one pole to the other of the 
peiiuanent magnet are eoncentriited in the substancts of the iron ring, 
one half traversing the upper and the other the lower half-ring. 
Each convolution of the coil, in ascending from its lowest position E 
by way of F to its highest position C, cuts each of these tubes once, 
and all in the name direction, namely, from below to above. In 
descending on the other side by way of D to E, tlie .same tubes are 
I cut, each once, in the opposite diivction, namely, frain above to 
f ImIow. Hence the movement in E F generates electro-motive 

■ force in one direction thmugh the wii-e couiposing the coil, and the 

■ movement in CDE generates electi-o -motive foixje in the opposite 
Iflirection; both parts of the motion conspiring to produce diff'ei'ence 
Wot potential between the convolution at C and that at E. 

The details of the armature of Gramme's machine are shown in 
I Fig. 5.53, in which different parts are represented in different stages 
f construction. 
The ring or core eonsiata of a bundle of iron wii-es, shown in see- 
Ition at A. The copper wire, 
r covered as u.sual with an insulat- 
ing material, is divided into a 

number of scpamte coils, as B fi. 

I'he two ends of each coil are 

respectively connected to two 

thick pieces of copper (one of 

which is marked RR in the 
Lfigure), against which the rub- 
■bing contact above described 
■tokes place, the number of these 
B'BOppers being ecjual to the iium- Fig. .■■m, 

liber of separate coils. In pas.sing 

Ethe two points most remote from the poles, these coppere nib against 
Ttwo contact- springs (each consisting of a flexible bundle of copper 
Iwires), connected respectively with two binding-screws, one forming 
ftthe positive and the other the negative electrode of the machine, 
s each bundle makes contact with two oi' more coppei-s at the same 
Ptime, the current is never interrupted, and undergoes but small 

fiuctuations of strength. 

In conaec|uence of the great steadiness of the current thus obtained, 

the machine can be used instead of a galvanic batteiy for nearly all 
I the purposes to whicli batteries are commonly applied. 




ISDCenoN OF CUaBKKTO. 

Instead of produdog a cunvnt hy taming the madiine. the macfaiiie \ 
may be tiimed by means of a current — for example, by connecting ' 
the two binding-screws to tlie poltw of a batteiy. This is & conse- 
quence of the tendency of the convolutions of the coil, when & 
current is flowing through them, to move across the tubes of mag- 
netic force. The direction of the roiation produced by a current is 
opposite to the direction of tbe rotation which would produce the 
current. 

The possibility of employing a ring-shaped aimature.as in Gramme's I 
machine, was fii^t pointed out by Dr. A. Pacinotti of Florence, in a 
article published in 1865 ; but he appears to have made an important I 
oversight, in consequence of which the machine, as constructed by \ 
him, was of tittle value.' 

The machine as constnicte<I for band use i^ shown in Fig. 554 I 




Fig. 555 iv-f-iu^v..;,- .. ,„,;:,.. i^i...,., ,„i,..,^vd to V« driven by 
power. Tbe annature n^vi^ves between the pol^ d four 
poweifal electio-magnets actuate>i by tbe eurrent whidh tbe 
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produces. The two upper magnets may be reganicd as forming one 
~^" [net, with a consequent point in the centre, directly above the 




armature; and the two lower magnets give, in like manner, a conse- 
quent point, opposite in name to the former, directly below the 
armature. 

829. Wheatstone's Telegraphic Currents. — In Wheatatone'a Univer- 
sal Telegraph (more fully described in § S41) the magneto- electric 
ctirrents which give the signals are produced by causing a small 
flat bar of soft iron to rotate rapidly before the poles of a steel 
horse-shoe magnet, which has two connected coils of wire wound 
upon it in the same manner as upon eleetro-magneta. It is in 
these coils that the currents are generated, the iron bar being a tem- 
porary magnet, and thus influencing the coila, nearly in the same 
manner as if it were a permanent magnet. A current is induced 
in one direction as it approaches the poles, and in the opposite direc- 
tion aa it recedes from them, so that altogether four currents are 
generated in each complete revolution. On account of the light- 
ness of the bar, it can be rotated with great rapidity. 

830. Arago's RotationB-^Faraday successfully applied his dis- 
covery of magneto-electric induction to account for a phenomenon 




so* ETDrcnoN or crwiEim 

first oiinr^rv^i by Arago in 1*24, and subsequently investigated by 
Babble and Sir John HencheL A horizontal disc of copper bb 
(Fig. 356), placed in the interiw of a box, is set in rapid rotation by 
taming a handle. Jnst over the 
copper disc, bat above the thin glass 
plate which forms the top of the 
box, a ma^etized needle aa i-s 
lAlanced horizontally. When the 
disc U made to rotate, the needle 
is ol*ier\-ed to deviate from the 
meridian in the direction of the 
rotation. Wlien the speed of rota- 
iiKSM.-Anaa'*E«t>DniM. tion excecds a certain limit, the 

needle is not only deflected, but 
carried round in continuous rotation in the same direction as the disc. 
The explanation is to be found in the currents which are indticed 
in the disc by ita motion in the ricinity of the magnetized needle. 
The forces between these currents and the needle are (hy Lenz's law) 
>tuch as to urge the disc backward.s; and, from the universal relation 
which subsists between action and reaction, they must be snch as to 
urge the needle forwards, hence tlie motion. The direction of the 
induced current through the centre of the disc at any instant is along 
that diameter which is directly under the needle, the circuit being com- 
pleted through the lateral portions of the disc ; and it is evident that 
a current thtis flowing parallel to the needle underneath it tends to 
produce deflection. If the continuity of the disc is interrupted by 
radial slita, the observed efiect is considerably weakened inasmach as 
the return circuit is broken. Faraday succeeded in directly demon- 
strating the existence of currents in a disc rotating near a fixed 
magnet, by exploring its surface with the amalgamated ends of two 
wires connected with a galvanometer. 

The experiment performed by Arago may be reversed by setting 
the magnet in rotation, and observing the effect produced on the 
disc The latter, if delicately suspended, will be found to rotate in 
the same direction as the magnet. This experiment was first per- 
formed by Babbage and Herschel. Its explanation is identical with 
that just given. In both cajses the induced rotation must be slower 
than that of the body turned by hand, as the existence of the induced 
currents depends upon the motion of the one body relative to the 
other. 
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P^Wlicn an iron disc is used instrad of a copprr one, magnetism ia 
induced in the portions which pass under the poles of the magnet; 
and as thU requires a sensible time for its disappearance, there ia 
always attraction between the poles of the needle and the portions of 
the disc which have just moved pa^t. The needle is thus drawn 
forwards by magnetic attraction, and the observed effect is similar to 
that obtained with the copper disc, though the cause ' is altogether 
different. 

831. Copper Dampers. — Precisely similar to the above is the ex- 
planation of the utility of a copper disc in checking the vibrations 
of a magnetized needle under which it is fixed. As the needle swings 
to either side, its motion induces ciirrenti in the copper which urge 
the needle in the opposite direction to that in whicli it is moving. 
When it rests for an instant at the extremity of its swing, the cur- 
rents cease; and as soon as it begins to return, the currents again 
resist its motion. A copper plate thus used is called a damper, and 
the vibrations thus resisted and destroyed are said to be damped. 
The name ia applied to any other means for gradually destroying 
vibrations, 

The resistance wbicli induced currents oppose to tlie motion pro- 
ducing thein Ls well illustrated bj' Faraday's experiment of the copper 
cube. A cube of copper is suspended by a thread, and set spinning 
liy twisting the thread and then allowing it to untwist. If, while spin- 
ning, it isheldbetweenthepolesofapowerfulmagnet, like that repre- 
sented in Fig. 445, it is instantly brought almost to rest. If the poles 
are brought very near together, ao as to heighten the intensity of the 
field, and a thin sheet of copper is inserted between them and moved 
rapidly in its own plane, the operator feels its motion resisted by 
some in\-isihle influence. The sensation has been compared to that 
of cutting cheese. Foucault's apparatus for the heating of a copper 
disc by rotating it between the poles of a magnet (§ 486), is another 
illusti-ation of the same principle. In all case,s where induced cur- 
rents are generated, and are not called upon to perform external 
work, they yield their full equivalent of heat. 

The advantage of employing copper in experiments of this kind 
arises from its superior conductivity, to which the induced currents 
are proportional. 

' That it to aaj, the main <»m; ,- for there mult Le indnceil currenta in the iron as well 
as in the eopper, thongti inferior in strenglli, nn lurcnnntot the infarior eondnctivity of ths 
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832. Electro-medical Hachinea. — The application of electricity is 
often resorted to for certain nervoas alfectiona and local paralyses. 

Many different forms of apparatus 
ai-e employed for thia purpose. 
One of the mofit convenient 
represented in Fig, 557, Two small 
coils connected with each other, 
and furnished with a vibrating 
contaet-l.ireaker, are tiuversed by 
the cui'i-ent from a miniature bat- 
ti.-ry, The coils are surrounded 
hy hollow cylinders of copper or 
brass, in which induced eurrento 
• If . r JK^nil ^''^ generated aa often as the current 

S'll ' II^HflH *" ^^ ^'^^^^ '^ established or 

^H, I Jni^BHIl terrupted. This action diminishes 

the energy of the extra-currents 
on whicli the shock depends, and 
the operator can accordingly regu- 
late its strength at pleasure by 
sliding the cylinders on or off 

833. Caution regarding Lines of Force. — After the very extensive 
use wliich has been made in this chapter of lines and tubes of force, 
we think it right to caution the reader against supposing that these 
conceptions depend upon any doubtful hypothesia. They merely 
serve, like meriflians and parallels of latitude, to map out space in a 
mode convenient for the statement of physical laws. 




CHAPTER LX. 



ELECTRIC TELEGRAPHS. 



834, Electric Telegraph: History.— The discovery that electricity- 
could be transmitted uistantaneously to great distances, at once 
suggested the idea of employing it for signalling. Bishop Watson, 
already referred to in § 636, performed several experiments of thia 
kind in the neighbourhood of London, the most remarkable being 
the transmission of the discharge of a Leyden-jar through 10,600 
feet of wire suspended between wooden poles at Shooter's Hill. 
This was in 1747- A plan for an alphabetical telegraph to be worked 
by electricity is minutely described in the Scots Magazine for 1753, 
but appears to have been never experimentally realized, Lesage, in 
1774, erected at Geneva a telegraph line, consisting of twenty-four 
wires connected witli the same number of pith-ball electroscopes, 
each representing a letter. Reusser, in Germany, proposed, in the 
same year, to replace the electroscopes by spangled panes exhibiting 
ihe letters themselves. The difficulty of managing frictional electri- 
city was, however, auffi.cient to prevent these and other schemes 
founded on its employment from yielding any useful results. Volta's 
discoveries, by supplying electricity of a kind more easily retained 
on the conducting wires, afforded much greater facilities for trans- 
mitting signals to a diatanct-. 

Several suggestions were made for receiving-apparatus to exhibit 
the eiiects of the currents transmitted from a voltaic battery. 
Sommering of Munich in ISll proposed a telegraph, in which the 
signals were given by the decomposition of water in thirty-five 
vessels, each connected with a separate telegraph wire. Ampfere, in 
1820, proposed to utilize CErsted's discovery, by employing twenfcy- 
' needles, to be deflected by currents sent through the same 
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numbf/r of wires; aiicl Baron Schilling exhibited in Russia, in 1832, a 
telegraphic model in which the signals appear to have been given 
by the deflections of a single needle.^ 

Weber and Gauss carried out this plan in 1833, by leading two 
wires from the observatory of Gottingen to the Physical Cabinet, a 
distance of about 9000 feet. The signals consisted in small deflec- 
tions of a bar-magnet, suspended horizontally with a mirror attached, 
on the plan since adopted in Thomson's mirror galvanometer. 

At their request the subject was earnestly taken up by Professor 
Steinheil of Munich, whose inventions contributed more perhaps than 
those of any other single individual to render electric telegraphs 
commercially practicable. He was the first to ascertain that earth- 
connections might be made to supersede the use of a return wire. 
He also invented a convenient telegraphic alphabet, in which, as in 
most of the codes since employed, the different letters of the alphabet 
are represented by different combinations of two elementary signals. 
Two needles were employed, one or the other of which was deflected 
according as a positive or a negative current was sent, the deflections 
being always to the same side. Sometimes the needles were merely 
observed by eye, sometimes they were made to strike two bells, and 
sometimes to produce dots, by means of capillary tubes charged with 
ink, on an advancing strip of paper, thus leaving a permanent record 
on the strip in the shape of two rows of dots. His currents were 
magneto-electric, like those of Weber and Gauss. 

The attraction of an electro-masfnet on a movable armature fur- 



* Tho contributioiiB of Mr. (now Sir Francis) Ronalds to the art of telegraphy must 
not btt altogether overlooked. According to an able notice in Nature, Nov. 23, 1871, 
** 8ir Franois, before 1823, «ent intelligible messages through more than eight miles of 
wiru insulated and suspended in the air. His elementary signal was the divergence of 
the pitli-balls of a Canton's electrometer produced by the communication of a statical 
ohargo to the wii*e. He used synchronous rotation of lettered dials at each end of the 
line, and chai^od the wire at the sending end whenever the letter to be indicated passed 
an opening provided in a cover ; the electrometer at the far end then diverged, and thus 
informed tho nn^oiver of the message which letter was designated by the sender. The 
dials novor 8top{H>d, and any slight want of synchronism was corrected by moving the 
cover, Hughes' printing instrument is the fully-developed form of this rudimentary 
instrument A gas pistol was used to draw attention, just as now a bell Is rung. The 
primary idea of reverse currents is to be found where Sir Francis suggests that the wire 
when diarged with positive electricity should discharge not to earth but into a battery 
negatively chaig«d. Equally interesting is the discussion on what we now call lateral 
induction, then known as compensation. The author clearly saw that in the underground 
wires which he siu;;gests as sub$tituu>s for aerial lines, tliis induction wculd be or might 
be a cause of retardation.'* 
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ihes another means of signalling. This was the foundation of 
'Ifoise's telegraphic sysiem, and was employed by Wheatstone for 
ringing a bell to call attejition before transmitting a message. 

About the year IM37 electric telygrapha were first established as 
coiuuiercial speculations in three dirt'erent countries. Steinhell'i 
system was carried out at Munich, llurae's in America, ami Wheat- 
stone and Cooke's in England. The first telegraphs ever conatrueted 
tor commercial use were laid down by Wheatstone and Cooke, on the 
Ziondon and Birmingham and Great Western Kailways. The wire.s, 
which wei'e buried in thf tarth, were live in number, each acting on 
a supai'ate needle; but the expensiveiifsa of tliia plan aoon led to its 
being given up. The single-needle and double-needle telegraphs of 
the same inventors have been much more extensively used, the formei" 
requiring only one wire, and the latter two. 

Wheatstone made several subsequent contributions to the art of 
telegraphy, some of which we shall have occasion to mention in later 
sections. 

835. Batteries. — All the public telegraphs in this country have now 
for manyyearn been ivoited by voltaic currenbf; the magneto- electric 
system, which was tried on some linew, having been found U) iuvuhe 
:& needless expendituri' of labour. 

The moditieil Daiiiell's which was de.scriliei.1 in our eai'lier editioiw 
has been largely replaced by a bichromate liattery of greater electro- 
motive force and much less resistance. The outer portion of each 
cell contauia a small cylimier of carbon immersed in a solution of 
bichromate of pota-sh in dilute sulphuric acid. In the centre is a 
porous jar containing a zinc cyliiidei' imiuei'seil partly in mercury 
and partly in dilute sulphuric acid, the mercury being at the bottom 
id the acid above. TIiLs arrangement keeps the zinc constantly 

lalganiated. 

836. Wires.— The wirew for land telegraphs are commonly of what 
called galvanized iron, that ia, iron coaled with zinc, supported on 
isls by means of glass or poi'Celaiu iiisulatoiti, so cui>trived that some 
.rt of the porcelain surface is sheltered from rain, and insulates the 
ires from the posts even in wet weather. Wires thus suspended 

called uii--lini''i. 
Underground wires are, however, sometimes employed. They 
insulated by a coating of gutta percha, and are usually laid 
hipes, an arrangement which admits of their being repaired or 
aewed without opening the ground except at the drawing-in 
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boxes. There is less leakage of electricity from subterranean 
than from air lines, but their coat ia greater, and they are less suited 
for rapid signalling, on account 
of the retardation caused by the 
inductive action between the 
wire and the conducting earth, 
wliich is similar to that between 
the two coatings of a Leyden-jar, 
The early inventors of electric 
telegraphs supposed that a cur- 
rent could not be sent from one 
station to another without a re- 
turn wire to complete the circuit. 
Steinheil, while conducting ex- 
periments on a railway, with the 
view of ascertaining whether the 
rails could be employed as lines 
of telegi'aph, made the discovery 
that the earth would serve instead 
of a return wire, and with the ad- 
vantage of diminished resistance; 
the earth m fact belia\mg like a return wire of infinitely great 
cross-section and theiefore cf no resistance. 

We are not however to sujipose that the current really returns 
from the receiving to the transmitting station through the earth. 
The duty actually performed by the eartli consists in draining off the 
opposite electricities which would otherwise accumulate in the ter- 
minals. It keeps the two terminals at the same potential; and as 
long as this condition is fulfilled, the current will have the same 
strength as if the terminals were in actual contact. 

837. Single-needle Telegraph. — One of the best known telegraphs 
in this country, though little or not at all employed elsewhere, is 
the single-needle instrument of Whtatstone and Cooke, represented 
in Figs. 559, 560, the former showing its external appearance, and 
the latter its internal arrangements as seen from behind. The 
needle, which is visible in front, is one of an astatic pair, its fellow 
being in the centre of the coil CC. When the handle H hangs 
straight down, the instrument is in the position for receiving signals 
from another station. The current from the line-wire enters at L, 
and, after traversing the coil and deflecting the needle, escapes 
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rough the earth-wire E, having taken in its course the two tal! 

mtact-springs t' t. 

} To send a current to another station, the handle H is moved to 

aide, and the cuiTent sent will be positive or negative according 

he side to which tlje haoiUe is moved. The handle turns the 





lindri(!al arhor <i h, wliieh is divided plectrically into two parts by 
L insulator in the middle of its length. Eaeh of these parts has a 
1 projecting from it, one pin being aliove, and the other below. 
These are vertical when the handle is vertical, and are then doing 
no duty; but when the handle is put to one side, the upper pin 
(which is attached to b) makes contact with one of the tall springs 
( t', at the same time pushing it away from the metallic rest k, and 
thus putting it out of connection with the oth<?r tall spring; while 
the lower pin (which is attached to u) makes contact with one of 
two short springs T T', only one of which ia shown in the figure. 
There is permanent connection between a and the negative pole o£ 
the battery through the spring a, and between 6 and the positive 
pole through the spring s. In the position represented in the figure, 
a serves to connect the negative pole of the battery with the earth. 
1 h serves to connect the positive pole with the .spring t, down 
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which the curreDt passes from the point of contact of the pin, and 
then through the coil to the line-wire at L. The needle of the send- 
ing station is thus deflected to the same side as ihat of the receiving 
station. 

If the handle were moved to the other side, b would serve to con- 
nect the positive pole with the earth, and u would establish connec- 
tion between the nt;gative pole and the coil, which is itself connected 
with the line-wire. 

Since the telegiapLs uf tlil^s country came into the hands of the 
Fust-office, the alphabet devist:d by Wheatstone and Cooke has been 
given up, and the Morse alphabet (§ iii2) adopted in its place. In 
the Morse aljjhabet, which is now the telegraphic alphabet of all 
nations, tlie ahurtust signs are allotted to those letters which occur 
most frefjuently. This wa.s nut the case with the old needle-alpha- 
bet, which was rather planned with the view of assisting the 
memory; and experience has shown that such assistance is quite 
unnecessary. The needle instrument has also, to a great extent, 
been superseded by Morse's instrument. 

838. Dial Telegraphs. — Teli';^i*aphs in vshich the ordinary letters of 
the alphabet are ranged 
, r()ui)d the circumfer- 
eiice of a dial, and are 
pointtid at by a revolv- 
ing band, are specially 
convenient for those 
who are not profes- 
sional telegraphists. 
They are constructed 
jii the principle of step- 
by-step motion, the 
hand being advanced 
bysuccessive ateps,each 
Us- Mi.-iirei-iictB Indicator. representing one cur- 

rent sent or stopped. 
One of the simplest instruments of this class is Breguet's, which 
is extensively used on the French railways. Fig. 561 represents the 
exterior of the receiving instrument. The dial is inscribed with the 
25 letters of the French alphabet and a cross, making 26 signals in 
alL The hand (as in other step-by-step telegraphs) advances only 
in one direction, which is the same as that of the hands of a clock. 
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stoppinj^ before each letter which is to hn indicated, oud pointing to 
the eroaa at the enJ uf each word. Fig. o62 shows the mechaniain 
by which the motion is producud. A is the armature of an electro- 
magnet, the magnet itself being removed in the tigure, to ailuw the 
other parts to be better seen. The two dotted eireies traced on the 
armature reprcsent vertical sections of the two coils, which rest on the 
bottom of the box, and have their axes horizontal If inti-oduced, 
they would nearly conceal the armature from view. The armature 
turns about a horizontal axis W, and ia attached to an opposing 




Lfipriiig \^liich draws it hack from the magnet. The tension of this 
Kspring can be regulated by means of a lever acted on by a key outside 

■ the box. When a cui'rent is uent, the armature is attracted to the 
Epagneti wlieii tlie current ceases, thu spring draws it back ; and it 
Ethus moves continually to and fro during the transmission of a mes- 

An upright arm I is attached to the armature, and carries a 

ptorizontal arm c, which lies between the two prongs of a fork d, 

[■epresentud on a largei- scale in Fig. ')G3. This fork vibrates about 

a horizontal axis it b, to which is attached tlie vertical pallet i. This 

palle: acts upon an escapement wheel 0, toothed in a peculiar way, 

I tbe tliicknesa of the teeth being only half the thickness of the wheel, 

md the teeth on one half of the thickness being opposite the spaces 

1 the other half. The total number of teeth is 20, thirteen on each 

■ lialf of the thickness. 
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Wb«D no carrent is faaang, the pallet i is engaged witli one vi 

the t«eth ou the remoto ode. m represented in Fig. 563. When s 

current passes, the anDAtnre is ftttracted, and tiie 

pallet is moved over to the new skle, thus re- 

lea^ii^ the tooth with K'hich it was previouslj' 

eogi^ed, and beconiing engaged with the next 

t^xitb on the near side of the wheel The wheel, 

wlitch it urged hj a clock-movement, thns ad- 

vaneett ,'« *^ ^ revolution; and the hand on the 

• lial, being attacheal to the whe«l, moves for- 

wanl one letter. Mlien the current ceases, the 

pallet mov^ back to the remote side, and the 

hand in ad%-Bnced another letter. If the hand 

i» initip.Ily at the cross, it will be advanced to 

any required letter by so arranging matters that the number of 

ctirrentA pl»« the nuinlier of interruptions shall be equal to the 

number <lenoting the place of the letter in the alphabet. To effect 

tbU arntn^eiitent hi the office of the sending instrument. 

839. Sending InBtmment. 
— This ia represented in Fig. 
564. There is a dial in- 
scribed with 25 letters and 
a cross, like that of the re- 
ceiving instrument, and an 
arm which can be carried 
round the dial by a handle 
M. There are 20 notches 
cut in the edge of the dial, 
in which a pin attached to 
the movable arm catches; 
and the arm is allowed suf- 
ficient play to and from the 
face of the dial to admit of 
this pin being easily released 
or inserted- When the pin 
is in one of the notches, the instrument is in position for transmit- 
ting the corresponding letter. The action is as follows: — 

A toothed or rather undulated wheel ia fixed on the same axis as 
the revolving arm, and turns with it. There are 13 projections and 
13 hollows on its eircumference, a few of which are shown in the 
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re where the face is cut away. A bent lever T, uitivable about 
an axis at a, bears at one end against the circumference of the 
undulated wheel, while its other end plays between two points P, Q, 
and is in contact with one or other of these points whenever its npper 
end bears against a hollow or a projection, P is in connection with 
a battery, and Q with the eail-h, the undulated wheel being in 
connection with the line-wire. The movement of the handle thus 
produces tlie requisite inimber of currents and interruptions. 

840. Alarnm. — Be-sides the sending and receiving apparatu.s above 
described, each station has an alarum, which ia employed to call 
attention before sending a despatch. There are several different 
kinds. Fig. 565 represents the vibi-dti-ng alarum, which is one of 
the simplest. It contains an electro- magnet e, with an armature / 

I:ed to the end of an elastic plate. When no current is passing 
rough the coil, the armature 
38 held back by the elasticity 
of this plate, so as to press 
against a con tact- spring g con- 
nected with the binding-screw 
The terminals of the coil 
at the binding-screws p, p', 
le former of which is in con- 
nection with the armature, and 
the latter with the earth. As 
long Bs the armature presses 
against the spring g, there is 
communication between tlie 

±wo binding-screws 'm and p through the coil; but the passing of 
K current produces attraction of the armature, which draws it away 
Bom g and interrupts the current. The electro-magnet is thus de- 
'magnetized, and the armature springs back against g, so as to allow 
a fresh current to pass. The armature ia thus kept in continual 
vibration; and a hammer K, which it caiiies above, produces re- 
peated strokes on a bell T. 

841. Wheatstone's Universal Telegraph. — The first step-by-step 
telegraph was invented by Wheatstone; and the most perfect instru- 

it of the class is probably his " Universal Telegraph," which ia 
such general use in this country for connecting places of 
.iness. The currents employed are magneto- electric, and are alter- 
itely positive and negative. Tliey produce successive reversals of 





K^ TLDTTUr 

' '.r. van* Tr«:iL & irrc «g» wsac^^ 






4»Trsft»i^ ti* cf^T^vzT ccniiniiii^ »II ««• tiiD^ to tsrei it* handle 
for ::^^TjrTSiZlz^ crTTT^zTA. Ptt v: i^a* i»3 piTznizkz down a k^. these 
rnrT»T.t» <502tpiet* th-rir c li c ul t within tZue m«trcm>ait: tcxi wh«i a 
ker I* cown. everr drrem c^i>rraiir*i tiair*^* akn^ the Kne to the 
r»«ivin^ ^x^daa. vjiui xh^ pointrr? have beoi advanced step hy step 
u> the eryrreskponding letter. As soon as this has been readked, the 
enrrenta are again ec-nnned to the sending iietzmoent: and the 
j^Anten will make no farther advance ti3 another key is pot down.^ 

842. MoTwe^B Tdegrapk. — Morse's apparatos. fir^ tried in America. 
a1x)M!it 1S37, is now perhaps the mrtst e3tten5ively Tised of aH 

His receiving instrument, or indicator, in its primitive simpliatv. 
consfats (Tig, h^'A) rA an electro-magnet, a lever movable aboat an 
axis, carrying a soft-iron armatnre at one end, and a pencil at the 
other, and a strip of paper which is drawn past the pencil hy a pair 
of rollers. 

As the pencil soon became blunt, and was uncertain in its marking, 
a point, which scratched the paper, was substitoted. This has now 
to a great extent been superseded by an ink-writer, which requires 
the exertion of less force, and at the same time leaves a more visible 
trace. 

Fig. 567 represents Morse's in«Iicati>r as modified by Digney. 
A train of clock-work, not shown in the figure, drives one of a 
pair of rollers nm, which draw forward a strip of paper pp form- 
ing part of a long roll E. The same train turns the printing- 
cylinder H, the surface of which is kept constantly charged with a 
thick greasy ink by rolling-contact with the ink-pad L. The arma- 

* For the detailB of the medumism, reference may be made to Tnieatstoiie's Patent) Na 
1239 rear 1858. A condensed account will be found in Snbime on tkt EUetrie Tdeffrapk, 
pp. 82-S4, 
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e B B' of the electro-magnet A is mounted on an axis at C. i 




i a style at it^s extremity just beneath the printing-cylinder. 
I a current passes, the armature is attracted, and the style 




Fig. 6(tT.-M<«!iB. 



as&s the paper against the printing-cylinder, ransing a line to be 
inted on it, the length of which depends on the duration of the 
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current, as the paper continues to advance without interruption. 
The lines actually employed are of two lengths, one being made as 
short as possible (-) and called a dot, the other being about three 
times as long ( — ) and called a dasL The opposing spring D re- 
stores the armature to its original position the moment the current 
ceases. 

Morse's key (Fig. 568) is simply a brass lever, mounted on a 

hinge at A, and pressed 
up by the spring /. 
When the operator puts 
down the key, by press- 
ing on the button K 
with his finger, the pro- 
jections c d are brought 
into contact, and a cur- 
rent passes from the 
battery-wire P to the 
line- wire L. When the key is up, the projections a b are in con- 
tact, and currents arriving by the line-wire pass by the wire R 
to the indicator or the relay. By keeping the key down for a 
longer or shorter time, a dash or a dot is produced at the station 
to which the signal is sent. The dash and dot are combined in 
different ways to indicate the different letters, as shown in the 
following scheme, which is now generally adopted both in Europe 
and America: — 




Fig. fies. -Morse's Key. 



A — 

A 

B 

C 

D 

E- 

Jfe 

F 

G 

H 

I-- 



Morse's 


Alphabet. 


J . — 
K 


T — 

U 


L- -. 


n 


M 


V... 


N - 



5 


w- 
X -. 

Y - 


p 

Q 

R- . 


Z 

Ch 


S --- 


Understood 



1 

2 
3 
4 
5 
6 
7 
8 
9 




A space about equal to the length of a dash is left between two 
letters, and a space of about twice this length between two words. 

In needle-telegraphs, the dot is represented by a deflection to the 
left, and the dash by a deflection to the right. 
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843. Relay. — Fig. 569 represents Morse's intlieator in coniiectiou 
with what is called a relay; that is to say, an apparatus which, on 
receiving a feeble current I'rora a distance, sends on a much stronger 
current from a battery on the spot. Tie key B being up, a current 
tng by the line-wire passes through the key from c to (t, thence 




through another wu'e to the coil of the electro -magnet belonging to 
the relay, and through this coil to earth. The electro-magnet of 
the relay attracts an armature, the contact of which with the 
magnet completes the circuit of the local battery, in which circuit the 
coil belonging to the indicator is included. The armature of the 
indicator is thus compelled to follow the movements of the armature 
of the relay. 

Relays are used when the currents which arrive are too much 
enfeebled ^o give clear indications by direct action. They are also 
frequently introduced at intermediate points in long lines which 
could not otherwise be worked through from end to end. The 
analogy of this use to change of horses on a long journey is the origin 
of the name. Relays are also frequently used in connection with 
alarums when these are large and powerful. 

844. Hughes' Printing Telegraph.— The employment of Morae'a 
alphabet requires on the average about three currents to be sent per 
B^ietter. The extension of teliigraplilc 'service has stimulated the 
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industry of inventors to devise means for obtaining more rapid 
transmission. Hughes, about 1859, invented a system which requires 
only one current to be sent for each letter, and which, accordingly, 
sends messages in about a third of the time required by Morse's 
method. Hughes* machine also prints its messages in Roman char- 
acters on a strip of paper. These advantages are, however, obtained 
at the expense of extreme complexity in the apparatus employed. 
It is only fit for the use of skilled hands; but it is extensively 
employed on important lines of telegraph. We will proceed to 
indicate the fundamental arrangements of this marvellous piece of 
ingenuity. 

Fig. 570 is a general view of the machine. It is propelled by 
powerful clock-work, with a driving-weight of about 120 lbs., and 
with a regulator consisting of a vibrating spring I acting upon a 
'scape-wheel. A travelling weight on the spring can be moved 
towards either end to regulate the quickness of the vibrations. The 
clock-work drives three shafts or axes: (1.) the type-shaft, so called 
because it carries at its extremity the type-wheel T, which has the 
letters of the alphabet engraved in relief on its circumference at equal 
distances, except that a blank space occurs at one place instead of a 
letter; (2.) the printing-shaft, which turns much faster than the 
type-shaft, making sometimes 700 revolutions per minute, and carry- 
ing the fly-wheel V. These two axes are horizontal, and are sepa- 
rately represented in Fig. 571 ; (3.) a vertical shaft a, having the same 
velocity as the type- wheel, which drives it by means of bevel-wheela 

This vertical shaft consists of two metallic portions, insulated from 
each other by an ivory connecting-piece. In the position represented 
in Fig. 571, these two metallic parts are electrically connected by 
means of the screw V, but they will be disconnected by raising the 
movable piece v. 

The revolving arm composed of the pieces v' v is called the chariot 
It revolves with the vertical shaft, and travels over a disc D pierced *-^ 
with as many holes as there are letters on the type- wheel, these holes 
being ranged in a circle round the base of the shaft, and at such a 
distance from the shaft that the extremity of the chariot passes 
exactly over them. In these holes are the upper ends of a set of 
pins g, which are raised by putting down a set of keys B N resem- 
bling those of a piano. When the chariot passes over a pin which is 
thus raised, the piece v is lifted away from v\ and the current from 
the battery, which pre\4ously passed from the pin through v and v' 
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to the earth, ia now cut off from i/, and passes through v to the 
electro-magnet, and thence to the line-wire. 

This is the process for sending signals. We will now explain how 
B current thus sent causes a letter to be printed by the type wheels 
at both the sending and receiving stations, the sending and receiving 
instruments being precisely alike. 

The current traverses the coils of an electro-magnet E (Fig. 570), 
beneath which is a permanent steel horse-shoe magnet, having its 




Fig. STI.-Typt-ihaft and Printlng-ilislt. 



poles in contact with the soft-iron cores of the electro-magnet. 
When no current is passing, the intluence of the steel renders these 
cores temporary magnets, and enables them to hold the movable 
armature p against the force of an opposing spring. The current is 
in such a direction that it tends to reverse the magnetism induced 
by the steel. It is not necessary, however, that it should be strong 
enough to produce an actual reversal, but merely that it should 
weaken the induced magnetism of the cores sufficiently to enable the 
opposing spring to overpower them. This is one of the most original 
parts of Hughes' apparatus, and is a main cause of its extreme 
sensibility. 
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i printing- shaft consists o 

arriea the fly-wheel V, and turns uniformly under the action 
of the clock movement; the other, which is next the front of the 
machine, remains at rest when no current is passing; but when the 
armature of the magnet rises, the two parts of the shaft become 
locked together by means of the ratchet-wheel and click ii'. 

The portion of the shaft which is thus turned every time a current 

I passes, carries a very acute cam or tooth p (Fig. 572), which sud- 

■ denly raises the lever a b, movable about an axis at one end T, and, 

p iby 80 doing, raises the paper against the type-wheel, and prints the 

letter. In order thus to print a letter from the rim of a wheel which 

continues turning, very rapid movement is necessary. This is secured 

by making the opposing spring which moves the armature very 

powerful, and the cam p very 

acute. The same movement /— ^ / c 

of the lever which produces 

»iihe impression, raises the arm 
J U, which carries a spring r 
with a click at its extremity. 
This click, in its ascent, glidc.-i 
over the teeth of the ratchet- 
wheel E; but locks into tin.' 
teeth and turns the wheel 
in it8 descent, and by so 
doing, advances the paper 
through the distance corresponding to one letter. The spacing of 
the words is obtained by the help of the blank on the type-wheel. 

The type-wheel should admit of easy adjustment to restore it to 
a^eement with the chariot when accidental derangement may have 
occurred. For tliLs purpose, the shaft G is made hollow, its internal 
and external portions being mei-ely locked together by the click m, 
which is held in its place by a permanent current in either direction. 
On pressing down the button Q (Fig- 570), the click m is raised by 
the piece E, so as to leave the type-wheel free, and a pin ia provided 

hich catches in a notch corresponding to the blank on the type- 
'heel. The adjustment can abo be made by hand. 

Lastly, the shaft I Cannes a third cam, which, at each revolution 
of this axis, engages with a very coarse-toothed wheel T", set on the 
same axis a,< the type-wheel, ami pushes it a little forward or back- 
ward without detaching it from the driving gfur. Small diKCrl>J^a^■ 
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ia.68 between the velocities of the type-wheel and chariut are thus 
corrected as often as a letter is printed. This contrivance serves to 
keep the receiving instrument from gaining or losing on the sending 
instrument during the transmission of a message. The tjpe-vrheel 
of the receiving instruuient must be adjusted before the message 
begins, so as to make the two instruments start at the same 
letter, 

845. Electro-chemical Telegraph, — Suppose a metallic cylinder, 
permanently connected witli the earth, to be revolving, carrying 
with it on its surface a strip of paper freshly impregnated with 
cyanide of potassium. Also suppose a very light steel point per- 
manently connected with the line-wire, and resting in contact vpith 
the paper. Every time that a current arrives by the line-wire, 
chemical action will take place at the point of contact, and the paper 
at this point will be discoloured by the formation of prussian blue. 
This is the principle of Bain's electro-chemical telegraph, which leaves 
a record in the shape of dota and dashes of prussian blue. The 
apparatus for sending signals is the same as in Morse's system. The 
paper must not he too wet, or the record will be blurred; neither 
must it be too dry, for then no record will be obtained. 

846. Auto|:rapliic Telegraph. — An autographic telegraph is one 
which produces at the receiving station a fac-similu of the original 
despatch. The best known instruments of this class are those of 
Bonelli and Caselli. We shall describe the latter. 

At the sending station a sheet of metallized paper, with the 
despatch written upon it in a greasy kind of ink, is laid upon a 
cylindric surface M (Fig. 573). At the receiving station there is a 
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similar cylindric surface R, on which a sheet of Bain's chemical paper 
"b laid. Two styles, driven by pendulums which oscillate with exact 



^54 oxcmr 

ABCD » broken, mud the c m i ent tzsvek throogfa the line-wiie. At 
tins moDkent the style on the sheet B is in exacdj the same position 
lift that on the sheet M, br rea&oo of the STncfazonism of the penda- 
r^noff, and a Une line will be prodneed which will be the exact lepro- 
dnetion of the l-Token line of the despatch tzarersed by the style. 
Aeeordingiy, when the style of M has described a series of lines dose 
together and eoTering the sheet. B will be covered with a series of 
points or lines f onning a copy of the despatch. The tracing point is 
carried by a lever taming aboat an axis near its lower end. To this 
lower end is attached a connecting-rcML jointed at its other end to 
the pendnlnm <Flg. 574 l While the pendolom swings in one direc- 
tion^ the style traces a line* in one direction on the sheet. At the 
end of this stroke, an action occurs which, besides advancing the 
5¥tyle, raises it, so that it does not toodi the sheet daring the return 
stroke. 

The synchrcmism of the pendulums at the two stations, which is 
absolutely necessary for correct working, is obtained by means of 
two clocks which are separately regulated to a given rate, the dock- 
pendulums making two vibrations tor one of the telegraphic pendu- 
lum. The bob of the latter consists of a mass of iron, and vibrates 
>>etween two electro-magnets, which are made and unmade accord- 
ing to the position of the clock-pendulum, as the latter makes and 
breaks the circuit of a local lottery. The mass of iron is thus alter- 
nately attracted by each of the two magnets as it comes near them, 
and is prevented from gaining or losing on the dock. 

It is e\'ident that the Caselli telegraph may be applied to copy not 
only letters but a design of any kind ; hence the name of pantelegraph 
which has been given it. Fig. 575 represents a copy thus obtained 
upon Bain's paper. Fig. 576 represents a copy obtained at the same 
time upon a sheet of tin-foil, such as is usually placed beneath the 
paper. The current decomposes the moisture of the paper, and the 
hydrogen thus liberated reduces the oxide of tin, of which a small 
quantity is alwaj^ present on the surface. If the foil be then treated 
with a mixture of nitric and pyrogallic add, the traces are developed, 
and come out black. 

The Caselli system has been used for some years on the telegraphs 
around Havre and Lyons, but has not realized the hopes of its pro- 
moters, its despatches being often illegibla 

Instead of a series of parallel lines, the styles may be made to trace 
the successive convolutions of a fine helix, the two sheets being bent 
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ind two cylindetB, which revolve in. equal times, and aJso advance 
longitudinally. 





847. Cowper'B Writing Telegraph,- — In the uniting telegraph re- 
cently invented by Mr. Cowper, a jjen at the receiving station 
imitates the movements of a pen at the sending station. Two wire* 
are necessary, instead of only one a.s in other systems. One of these 
i conveys a current which produces similarity of position as 
regards left and right displacement, while the other discharges the 
lame funntion as regards up and down displacement. By the joint 
n of the two currents, when the sending pen is held in any part 
Fof the square tield allotted to it, the receiving pen is brought to a 
similar position in its field of movement. Strips of paper are drawn 
past both pen.s by clockwork, and the writing upon one is imitated 
upon the other. 

The mode of obtaining tliis eonfoi-Tuity as regards either component 
of motion is as follows. The resistance in the circuit of the wire fur 
ieft and right movement is altered by left or right movement of the 
Ending pen, a number of resistance coils being so arranged that the 
jDrrent travei'ses a gi-oater or less number of them according as the 
>en is nearer to one side of its square or the other. Th? current, 
on its arrival at the receiving station, traverses the coil of an electro- 
magnet, and thus deflects a needle, which, by means of a thread 
^^_attached to one end, ilraws the pen aside, to a distance depending 
^^^Wm the strength of the current. 

^^^B 848. Submarine Telegraphs. — The tirst submarine telegraph cable 
^^^riras laid between Dover and Calais in 1850; but, being insufficiently 
^^B protected against the friction of the rocks, it only lasted a few hours 
^^P The two Atlantic cables which were laid in ISCG appear to be etill 
^^ in perfect order. 
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Submarine cables are now uBually constructed by imbedding a 
certain number of straight copper wires in gutta percha (Fig. 577), 
which insulates them from each other; this is Bor- 
rounded with tarred hemp, and several strands of iron 
wire are wound outside of all. The copper wires in 
the interior are the conductors for the transmisedon 
of the signals ; the gutta percha is for insulation ; the 
hemp and iron are (or protection. 

The Atlantic cables contain a central conductor, 
consisting of seven copper wires, twisted tc^ther and 
covered with three layers of gutta percha, forming 
altogether a cylinder { of an inch in diameter. This 
is covered with a layer consisting of five strands 
of hemp, served with a composition consisting of 
5 parts of Stockholm tar, 5 of pitch, 1 of linseed-Kjil, 
and 1 of bees'-wax. Lastly, the whole is covered by 
18 strands of charcoal iron, each strand consisting of 
seven wires ^V of a millimetre in diameter. On 
leaving the machine which put on the wire covering 
the cable was passed through a cauldron containing 
a mixtiure of pitch, tar, and linseed-oiL The diffi- 
culty of obtaining sufBciently good insulation has thus been com- 
pletely surmounted. 

A second difficulty attaching to submarine telegraphy depends 
upon the inductive action of the surrounding water, or of the iioa 
sheath. This action, which is found quite sensible in subterranean 
lines of no great length, becomes of immense importance in long 
submarine cables. The cable forms one enormous condenser, the 
central conductor repre-senting the inner coating, and the sea-water, 
or iron sheath, the outer coating of a Leyden-jar. In the Atlantic 
cables, the retardation of the signals due to this cause is so consider- 
able that it would be barely possible to obtain a speed one-fifth of 
that usually attained on land-lines, if the same modes of sending 
and receiving signals were employed. The electrical capacity of 
the cable is in fact so enormous, that a long time is required to 
give it a full charge from a battery, or to discharge it again. The 
nignftla accordingly lose all their sharpness, and run into one another, 
unless special precautions are taken. After sending a current from 
one pole of the battery, tiie cable must be discharged, either by put- 
ting it to earth, or, still better, by connecting it for an instant with 
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other pole of the battery. The residual efl'ects of the first current 
thus quickly destroyed, and the line is left free for & second signal. 
Is the first efiect received through such a cable is very slight, a 
y sensitive receiving instrument is necessary for quick -working. 
Thomson's mirror galvanometer (§ 719) is the instrument which 
was first employed, the signals being read off by an attendant 
who watches the movementa of the spot of light, dots and dashes 
being represented by deflections in opposite directions. A self- 
recording instrument by the same inventor is now coming into use, 
in which the signals are written with ink discharged from a very 
light glass siphon, the siphon being moved by a very light coil of 
fine copper wire, suspended by a silk fibre between the poles of a 

I very powerful permanent magnet. The coil turns in one direction 
or the other according an the current transmitted is positive or 
pegativB, thus producing opposite sinuosities in the ink record which 
Is traced upon an advancing strip of paper. The regular flow of the 
^ik is assisted by electrical attraction, on the principle of the bucket 
ir watering-pot described in § 590; but with this lUflerence, that it 
IB not the ink but the paper that is electrified. An electrical machine 
of peculiar and novel construction, bearing some resemblance to the 
replenisher of § 644, is employed for this purpose. 

849. Wheatstone'a Antomatic System. — Another very effective 
contrivance for increasing the speed of signalling, is Wheatstone's 
automatic apparatus, which is very extensively adopted by the 

» authorities of the postal telegraphs. The first step towards send- 
'ing a message by this system consists in punching the message 
in a ribbon of stiff paper. The punching is done by a special 
instrument, the operator having merely to put down three keys, 
one of which represents dot, another dash, and the tliird blanh. The 
holes punched are in three rows. Those in the middle row are equi- 
distant, and are intended to perform the office of the teeth of a rack 
in guiding the paper tiniformly forwards. Those in the two outside 
rows contain the message, a dot being represented by a pair of 
^H iiolos exactly opposite each other (:) one in each row, and a dash by 
^^Kwo holes ranged obliquely (' .)■ 

^^R The punched strips are then put through the transmitting instru- 
ment, and, by regulating the movements of two pins, cause the 
transmission of the currents necessary fur printing the message at 
Uie receiving station. From 100 to loO woi^ds are thus transmitted 
T minute and autuuiatically printed. 
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Thi#^ ptaeueal lirait lo ^pe<il in Iizks ^^^ cijffta*iermye kngth, 
ar»ai DOC 30 nuKfa from tibe &&ctiLzj ai timking qiddta' moTe- 
meatHy as frr/m the Uending togetiber of socceaare signals in 
tmr^lting a great distanc^^ e^xcaif j if part of the dktance be under 
^mnA or nnAsr wat^r. This evil t? partly ranedied fay m^JriTig 
eadi fti^auil erj«i«m^ not of a s^in^ie coment. bat of two; thus 
a drA will be prodaced by an instantaneous cnrrentr immediately 
^^neoeeded by another of opprj^ite sign: a dash fay an eqnalfy short 
cnrrent followed a/ a fopf^r int^rvil by an c^^podte one In this 
way, thoa^ a jrreater namber of correDts are required few each word, 
a greater number of wor>L» can be •ii^'tinctly signalled in a given 
time; and, by sending three properly adjusted corrents fcnr each 
iAgnal, a still greater speed of distinct transmission is possible. The 
tran«anitting instmrnent of Wheatstone s automatic system does in 
fact send three currents for each dot or dash. 

850. Ihiplex Working. — Of late years methods of sending two 
messages in opposite directions along the same wire at the same 
time have been very extensively introduced. This mode of operat- 
ing is called duplex telegraphy. It requires that the current sent 
from either station shall not affect the receiving instrument at that 
station* 

One method of attaining this end depends upon the principle that, 
if the coil of an electro-magnet be tapped at any point in its length, 
a current sent into it at this point will traverse the two portions of 
the coil in opposite directions; whereas a current sent in at either 
end of the coil traverses the whole of it in one direction. Suppose 
this coil to be the coil of the electro-magnet which actuates the 
receiving instrument at any btation. The currents from the trans- 
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aitter at this station are sent into the coil at a point neai- its middle, 
lud, circulating in opposite directions in its two portions, annul each 
itlier's effect upon the core, the arrangements being yuch that one of 
i portions forms the inner and the other the outer portion of the 
Wliole coil, and that, with equal currents, their effects in magnetizing 
6he core are equal. On the other hand, currents arriving from 

lother station enter at one end of the eoi!. and circulate round its 
whole length in one direction. 

In order to obtain an exact balance, the two currents which 
fmculate in opposite directions must be equal, and as they are both 
produced by the same electro- motive force, the resiataneea in 
the two partial circuits must be equal. One of these include.^ 
the luie-wire. The other goes to earth, and on its way thither 
ia made to pass through a resistance whicli must be adjusted 
to exact equality with the line-wire. ITus mode of duplex sending 
is called the HijfevEntial method, from a rcmute resemblance to the 
differential galvanometer. 

Another mode of duplex working is known as the BriOge method, 
because it depends upon the prin- 
ciple of Wheatstoae's Bridge. 

In Fig. o7S (which we here re- 
produce from § 75ti) it is allow- 
able to suppose the three conduc- 
tors which meet at B to be dis- 
connected from each other, and 
separately put to earth; for this 
is merely equivalent to keeping 
the point B at the potential 




not aS'ect 



the earth, b 
the difference of potential of any two points, 

Let P N be the battery at any station, its pole N being connected 
to earth by the wire N B, G the receiving instrument at the same 
station, D, A C, C B three resistances at this station, the point B of 
CE being to earth, and E the line-wire leading to a distant station, 
where it finally reaches earth at B. Then by the principle of thi- 
bridge, if the four resLstances D, E. A C, C E are proportional, the 
current of the battery will not ati'uct the recei\Tng instruuient On 
the other hand, the battery at the distant station will aflect it, for 
this battery is in the branch J B, and will always produce a differ- 
ence of potential between the points J and U, whatever be the rela- 
I tion of the ri-'sistances. 



Wi^si b:cc sasrjcs 



«0J 



ZJtZL^ 



fiElLu£ 









C B -: ie ~ffl* 






CHAPTER LXI. 



MISCELLANEOUS APPLICATIONS OF ELECTRICITY. 



851. Electro -magnetic Engines. — Electro-magnetic engines are 
driven by means of the temporary magnetization of soft iron under 
the influence of a current. This magnetization can be destroyed or 
reversed with great rapidity; and it is thus possible to produce 
alternate movements of an armature, which can be readily trans- 
formed into other movements by ordinary mechanism. Since 1834, 
when Jacobi of St. Petersburg constructed the first engine of this 
kind, many other inventors have tried their powers in the same 
direction; but none of these attempts have attained any commercial 
importance. 

The chief reason for this want of success is the greater cost of the 
material consumed as compared with the fuel of other engines. A 
pound of zinc costs about fifty times as much as a pound of coal, and 
if the full equivalent in the form of work could be obtained, both for 
the coal burned in a furnace and for the zinc consumed in a battery, 
a pound of coal would yield four times as much work as a pound of 
zinc. Hence, if the "efficiency"^ of a heat-engine and of an electric 
engine be the same, the cost of performing a given quantity of work 
will be 200 times greater for the electric engine than for the other. 
It appears, however, that, as regards efficiency, the electro-magnetic 
engine may have an advantage of about 4 to 1. This would make 
its work only 50 times as expensive as that of a steam-engine. 

Again, inasmuch as magnetic attractions decrease very rapidly 
with increase of distance, it is necessary for efficient working that 

* That is to say, the ratio of the energy utilized to the whole energy expended. This is 
the- "efficiency of an engine" in the broadest sense. The "efficiency" of Chap, xxxviii. 
is sometimes called, by way of distinction, the "efficiency of the working fluid." 
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the travel of the driving parts should be very small. This is incon- 
venient from a mechanical point of view. 

Lastly, as shown in Chap, lix., the movement of conductors in a 
strong magnetic field causes induced currents which strongly oppose 
the motion. 

We shall proceed to describe two of the moat successful electro- 
magnetic engines which have yet been constructed. 

852. Bourbouze's Engine. — In the engine of M. Bourbouze (Fig. 
579) the armatures have a reciprocating motion. There are two 
helices, having soft-kon cores in their interior for the lower half of 
their length. Two soft-iron rods or plungers travel up and down in 
the space above the cores, and are jointed to a beam which, by means 




of a connecting rod and crank, turns a fly-wheel. The positive pole 
of a battery is permanently connected with a sliding piece of metal 
which travels to and fro horizontally, so as to be connected with a 
terminal of the left-hand or of the right-hand coil, according as it is 
on the left or the right of its middle position. The upper terminals 
of both coils are permanently connected with the negative pole of the 
battery. The reciprocating movement of the slider is produced by 
an eccentric on the axis of the fly-wheel, like the movement of the 
slide-valve in a steam-engine. 

In the position represented in the figure, the eccentric and slider 
are nearly at the extremity of their range to the left. The left 
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Bphinger is then at the middle of its down -stroke. When it 
reaches the bottom, the sliding-piece will he in the centre of its 
travel, and the left-hanrl coil will just have been disconnected. 
Immediately afterwards, the right-hand eoil will be brought into 
circuit, ita plunger being at the summit of its path; and it will con- 
tinue in circuit till the plunger is nearly at the bottom. The electro- 
magnets are thius made and unmade whenever the eoeenti-ic pasaea 
its highest and lowest positions. On account of the shortness of 
the stroke, the beam is prolonged to a considerable di.stance before 
attaching to it the eonnecting-i'od which drives the crank. 

853. Proment's Bngine.^Froiiienfs is a rotatory engine. It may 
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eribed as consisting ••\ a wlii'i/l, wLth t'i_:.'iiL armaturea of soft 
fon attached to its cii-ciimference at intervals of io', rotating under 
iie action of four electro-magnets fixed to a cast-iron frame at inter- 
I of 60". Elach magnet is " niaile" when an armature comes 
jpithin 15° or 20° of it, and "unmade" as the armature is passing it. 
Tlie making and breaking of the circuits is effected by means of 
three distributors, one of which is shown on an enlarged scale in 
Fig. 581. R is an eight-toothed wheel, fixed to the axis on which 
the armatures revolve, and turning with them. Each tootli, as it 
>a.sscs the roller *', pushes it away, and brings the studs m' m into 



Fig. 531.— Distributor. 
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contact. As long as they remain in contact, the current circulates 
through the coil with which the distributor is connected. The dis- 
tributors are screwed into a metallic arc, which is constantly con- 
, „ nected with one pole of the 

<::Sv /r^ battery. One of them serves 

uP^^T^ ^^^^^^m^m ^^^ *^® *^^ opposite horizon- 

tal magnets, which are made 
and unmade together. The 
two lower magnets have one 
distributor apiece. Matters 
are so arranged that the current ia not cut off from one coil till just 
after it has commenced to flow in the next. This precaution prevents, 
or at least mitigates the induction-spark which generally occurs in 
breaking circuit (§ 814), and which has the mischievous effect of 
oxidizing the contacts, and thus, after a time, deranging the move- 
ments. 

854. Reversed Oramme Machine. — The Gramme machine, which 
we have described in § 828, though intended for the production of 
electricity by mechanical work, can also be used to exhibit the con- 
verse process. A current sent through it by connecting its terminals 
to a battery, causes the armature and other movable parts to revolve 
in the opposite direction to that which would produce the current. 
There is no dead-point in this arrangement, the force (or rather 
couple) producing the rotation being nearly the same in all parts 
of a revolution. An electro-magnetic engine on this plan would 
probably compare advantageously with either of the two above 
described. 

855. Transmission of Power by Electricity. — It is an interesting 
experiment to connect the terminals of two Gramme machines by 
long wires, and employ one to drive the other by means of the 
current produced. We thus obtain a tangible illustration of the 
feasibility of transmitting mechanical power from one station to 
another by the intervention of electricity. The time will probably 
come when the power of waterfalls and rapids will thus be con- 
ducted to places where it can conveniently be utilized. 

856. Edison's Electric Pen. — The most successful applications of 
electro-magnetic engines hitherto have been to" purposes requiring 
quick motion and very small driving power. Edison's electric pen 
is a good example. A miniature battery sends a current, through a 
flexible cord consisting of two insulated wires twisted together (one 
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. each pole of tlie battery), to a miniature electro-magnetic 
engine, light enough to bo moved about like a pen. The crank of 
this engine revolves with excessive rapidity, and givea a reciprocat- 
ing motion to a sharp needle, which moves up and down in a sheath, 
and projects slightly when at the bottom of its path. The sheath, 
carrying the engine in its head, is held between the lingers of the 
writer, and used like a pen, except that it must be held perpendicular 
to the paper. The writing consists of a series of punctures, through 
which ink is afterwards passed by means of a roller, the punctured 
paper thus serving as a stencil-plate. 

857. Electrioally-coiitrolled Clocka. — Various schemes have been 
proposed for utilizing electricity in connection with the driving and 
government of clocks. In some of them, electricity is employed either 
to wind up the driving-weight, or to fulfil the office of a driving- 
weight by ita own action, a pendulum being employed as the regu- 
lator, as in ordinary clocks. In others, electricity both drives and 
regulates the clock (or even a considerable number of clocks), by 
means of currents which keep time with the movements of a standard 
clock, electricity having thus to do the work both of driving and 
iilating the dependent clocka. 

But the system which has given the best practical results is that 
Iptroduced by Mr. R. L. Jones, in which the dependent clocks are 

mplete clocks, able to go of themselves, and keep moderately good 

me. without the aid of electricity. The duty devolving on the 
Electric currents is merely to supply the small amount of accelerat- 
ing or retarding action necessary to prevent the 
dependent clocks from gaining or losing on the 
standard clock by whose movements the currents 
are timed. 

The arrangements for attaining this end are 
shown in the annexed figures 5S2, 583, which re- 
present the pendulums of the controlling and 
controlled clocks respectively. These pendulums 
are supposed to be almost precisely of the same 
length, so that they would nearly synchronize if 
disconnected. 

J controlling pendulum, in its movement to 

!3ier side, comes in contact with one or the other 

D weak springs S S', which arc connected with the poles of a 

ittery PN, having one of its middle plates connected with the 




Fig. CSl-ContniUlDg 
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earth, so as to keep its poles at potentials differing from that of the 
earth in opposite directions. In the position represented in the 
figure, a current' is being sent from the positive pole P into the 

wire W. When the pendulum swings over to the 
other side, a negative current will be sent. 

The bob CC of the controlled pendulum (Fig. 
583) is a hollow cylinder of soft iron encircled by 
a coil, whose ends are connected through two sus- 
pending springs at m with the wire W and the earth 
respectively. The consequence of this arrangement 
is that, whenever a current arrives by the wire W, 
the bob becomes an electro-magnet. 

Two steel magnets A A' are fixed, with their poles 
t\irned oppasite ways, in such a position that the 
hollow bob of the pendulum always encircles one or 
** ^pindSmi?.'"*'* both of them. Suppase, in the figure, that the poles 

A A' which are turned outwards, are the two austral 
poles, so that the two boreal poles are facing each other. Then matters 
are to be so arranged that, in the position represented, the pendulum 
being near the left extremity of its swing, the right-hand end of the 
coil is a boreal pole, and magnetic force urges the pendulum to the 
left. When the pendulum is near the right extremity of its swing, the 
current is in the opposite direction, and consequently the boreal pole 
of the coil is its left-hand end. The pendulum will thus experience 
magnetic force urging it to the right. If the pendulimi tends to 
gain upon the standard, its return from the extremities of its 
swing is thus opposed for a longer time than its outward move- 
ment is aided; and if it tends to lose, the assistance to its motion 
lasts longer than the opposition. Its tendency to deviate frcm the 
standard clock either way is thus checked, and the correcting action 
is greater as the de\'iation from coincidence is greater. The con- 
trolling power thus obtained is so great, that even if the electrical 
connections are interrupted during several consecutive beats, the 
accumulated errors will be completely wiped oflT after the connections 
are restored. 

858. Telephone. — The articulating telephone invented by Professor 
Graham Bell is represented in Figs. 584, 585. D D is a steel mag- 
net, C a coil of very fine silk-covered copper wire, sorrounding the 
magnet close to one end, and having its terminals in permanent 
connection with the two binding-screws E £. £ £ is a thin disc of 



(oft irfjn (iiMUally one of the ferrotype plates prepared for pliutu- 
raphers), tightly clamped, in its circumferential portion, between 
B two parts of the wooden case H H, which are held together by 
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KIk, ast— Telephone. Tig. r*.'^— SwUon ut Telephone. 

erews, while its central poi-tion is left free and nearly touches the 
ind of the magnet. A A is tlie mouth-piece, through which the 
^eaker directs his voice upon the iron disc. 

Two telephones must be employed, one for transmitting, and the 

Sther for receiving, one binding-screw of each being connected with 

B line wire, and the other with the eflrth or with a return wire, so 

|that their coils form parts of one and the same circuit, and ever^- 

nirrent generated in the one traverses the other. The mouth-pieci; 

i. of the receiving telephone is held to the ear of the listener, and 

e in able to hear the words which are spoken into the transmitting 

telephone. Tliere is a great falling off in lou<biess, and a decided 

nasal twang is imparted, but so much of the original character is 

preserved that familiar voices can be recognized. Conversations 

lliave thus been can-led on through 60 or 70 milea of submarine tele- 

Igraph cable, and through as much as 200 milea of wire suspended in 

These results, which came upon the scientiiic world as a most 
ntartling surprise, are explained as follows, The voice of the 
kpeaker produces clianges of pres.siire in the air in front of the 
(iron 'li-fc, and thus causes tlie disc alternately U* advance and recede, 
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its movements keeping time with the sonorous vibrations, and the 
amplitudes of its movements being approximately proportional 
to those of the particles of air which convey the sound. Now a 
piece of soft iron, when brought near a magnet, exercises a quasi 
attraction upon the lines of force, causing them to be more closely 
aggregated in its own neighbourhood, and more widely separated 
in the other parts of the field. Hence when the disc approaches 
the magnet, it causes the lines of force to move in towards the 
axis of the disc, and when it recedes it causes them to open out 
again. 

The lines of force thus cut the convolutions of the coil in opposite 
directions, according as the disc is approaching or receding, and give 
rise to alternate currents. These currents, passing through the coil 
of the receiving telephone, strengthen or weaken, according to their 
direction, the magnetism of its steel core, and increase or diminish 
the attraction of the latter for the iron disc. The disc is accord- 
ingly set in vibration, and imitates on a diminished scale the move- 
ments of the disc of the transmitter. Thus the original sonorous 
vibrations, having first been converted into undulating currents 
of electricity, are reproduced as sonorous vibrations. The currents 
are excessively feeble, probably millions of times feebler than 
ordinary telegraphic currents; but on the other hand the ear is 
extremely sensitive to movements however small which recur 
periodically. Lord Eayleigh has made experiments from which it 
appears that the note of a whistle is audible at a distance at which 
the amplitude of the vibrating particles of air is less than a millionth 
of a millimetre. 

When the telephone is employed for conversing through one 
of a number of telegraphic wires suspended on the same poles, it is 
found that messages sent by ordinary telegraphic instruments along 
the other wires are audible in the telephone as a succession of loud 
tap8, so loud in fact as seriously to interfere with the telephonic 
eonversation. This is an illustration of the principle, that the 
f^tarting or stopping of a current in one wire gives rise to an 
iodaced current in a neighbouring wire; but the induced currents 
m this case, though so loudly audible in the telephone, have never 
be^i detected by any other receiving instrument. The telephone 
appeals likely to supplant the galvanometer as a means of detecting 
Ceeble currents. 

8(W« Microphone. — Fig. 686 represents one of the best forms of 
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xophone o£ Professor Hughea, the inveDtor of the printing 
legraph which we have described in § 844. 
A ia a stick of carbon about an inch long, sharpened at both ends, 

fhich rest in cavities in the two 

irizontal suppoi-ts B B, also of 
■bon. The upper end of A is 
ie to rattle about in the cavity 
Ich contains it, but not to fall 
'ay. The two wires E E are in 
mneetion respectively with the 
two supports E B, and are used 
for putting the instrument into 

circuit with a receiving tele- f^ ,,,„ _,,iLnintione 

ihone at another station, A 
,tteiy, usually consisting of two or three very small cells, ia 
inti-oduced into the circuit. The back C in which the sup- 
ports B E are fixed, and the base D, are of wood, and, besides 
insulating the carbons, serve to convey to them the sonorous vibra- 
tions of the air or of surrounding bodies. These vibrations produce 
Itemate increase and diminution of pressure at the points of con- 
of the carbons witJi one another, and as increase of pressure 
ives closer contact and consequently diminished resistance, the 
current in the circuit undergoes corresponding clianges of strength. 
These changes act upon tlie receiving telephone, and cause it to 
emit sounds which are often much louder than the originals. The 
microphone in fact acts as a relay, turning on and off the current of 
the battery, like the Morse relay described in § 843. 

The action ia improved by employing carbon which has been 
metallized" by heating it white hot, and then plunging it in 
ircury. 

The back C should be attached to the base D by a pivot which 

its it to be inclined to one aide. The best results for speech 

,lly obtained with an inclination of some 20 or 30 degrees 

im the vertical. When this inclination is too small there is an 

icrease of noise in the receiving telephone, but a loss of distinct- 

A microphone of the above kind transmits spoken sounds 

!th as much distinctness as a telephone, and with much greater 

It has also a surprising power of transmitting very faint 

aounda produced by rubbing or striking the base or back with light 

[tiodiea. Sounds of this kind which are (juite inaudible at the place 
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where they are produced, are easily heard by a person with his ear 
to the receiving telephone. 

860. Telephonic Transmitters. — Though Bell's original telephone 
is still used as a receiving instrument, it has been almost entirely 
superseded as a transmitter by various forms of the microphone on 
the following plan. 

There is a funnel for receiving the voice and converging the waves 
of sound upon a thin iron diaphragm, as in BelFs telephone. This 
diaphragm, by its vibrations to and fro, increases and diminishes the 
pressure at one or more points of contact in a local circuit contain- 
ing a small battery and the primary coil of a miniature Ruhmkorff. 
The secondary coil of the RuhmkoriF is connected to the line wire 
which leads to the receiving instrument. 

861. Hughes' Induction Balance. — Bells telephone, as above stated, 
is an extremely sensitive indicator of the currents induced in a wire 
by the commencement or cessation of currents in a neighbouring wire. 
Professor Hughes has taken advantage of this property to construct 
a very sensitive instrument for the instantaneous testing of metals. 

A current from two or three cells is sent through two small 
primary coils at a considerable distance apart. Near to them are 
placed two secondary coils, in circuit with a telephone, and so 
arranged that the induced currents in them are opposite. When the 
induced currents are exactly equal they destroy one another; and 
the adjustments are first made so as to obtain this result, that 
is, so as to obtain no sound in the telephone when the primary 
circuit is momentarily m^de and broken. The balance is then ready 
for making comparisons. Within each secondary coil is a box for 
containing the specimens to be compared. If precisely similar 
specimens are placed in the two boxes, no effect is obtained; -but the 
slightest difference suffices to disturb the balance of the two currents 
and give a sound. A counterfeit coin can thus be easily distin- 
guished from a genuine one; and even two genuine coins of the same 
kind will disturb the balance if one is a little more worn than the 
other. The best conducting metals give the most powerful effects, 
and a piece of wire gives a very much stronger effect when its ends 
(ouch HO as as to form a closed circuit than when they are apart. 
The effect of iron is exceptional, depending partly on currents 
induced in it and partly on its magnetic properties. Some successful 
att^mptft have been made, by Professor Chandler Roberts of the 
Kint, to apply the instrument to the testing of alloys. 
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f 862. Electric Light. — Wlien two poiuted pieces of a conLlucting 
Kind o£ carbon, aucti as that which is deposited in the retorts at gas- 
works, are connected with the poles of a powerful battery, as in Fig, 
587. a brilliant light is obtained by bringinij them together so as to 
allow discharge to take place between them. This discharge, when 
once obtained, will not be interrupted by .separating the points to 
some distance, — greater in proportion to the electro-motive force of the 




Ijatterj-; and the interval will bo occupitid by a Iniuinous arcli (known 
as the I'oUti ic ii )•/■) of intense brightness and excessively high teinpcm- 
tiire. This brilliant experiment was first ]>erformed by Sir HHUiphrv 
Davy, at tlie coiniiieuceuient of the present centuiy, with ft battery 
of 3000 cells. The light appears to be mainly due to the incandes- 
ioce of particles of carbon which traverse the space between tlie 
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This transport of particles can be rendered visible to a large 
mmher of spectators by throwing an image of the heated points on 
a screen with the aid of a lens. Fig. 588 repi-esents the image thus 
obtained, the natural size of the carbtms being indicated by tlie sketcli 
at the right hand. On watching the image for some time, incandes- 
cent particles will be observed traversing the length of the arc, some- 
times in one direction and sometimes in the other, the prevailing 
however, that of the po.sitive current. This circuni- 




wuan away Iims rapidly. This difference is more precisely marked 
wli«n tlie experiment is performed in vairuo; a kind of cone then 
(frows up on the negative carbon, while a conical cavity is formed in 
the ponitivo carbon. These phenomena are less cieariy exhibited in 
air, on account of the combustion occasioned by the presence of 
oxygen. 
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Tie voltaic arc exceeds in temperature as well as in brightness all 
other artificial sources of heat. Lespretz succeeded hy its means in 
fusing and even vulatilizing many substances which had previously 
proved refractory. Carbon itself was softened and bent, welded, 
and apparently reduced to vapour, which was condensed, in the 
form of black crystalline powder, on the walls of the containing 
vessel. 

The voltaic arc must be regarded as an instance of conduction 
rather than of disruptive discharge, the air being rendered a con- 
ductor by the high temperature to which it is raised. Hence it is 
that, although discharge does not com- 
mence between the points till they have 
been brought close together, it is not in- 
terrupted by subsequently removing them 
tJ3 a considerable distance. 

Tlie voltaic arc is acted on by a magnet, 
according to the same laws as any other 
current. M. Quet, by employing a very 
powerful electro -magnet, with its poles at 
equal distances on opposite sides of the 
line joining the points, repelled the arc 

laterally to such an extent that it re- "■■' '^'^^itJ^Are'"'''^""'' 
sembled a blowpipe flame (Fig. 589). 

863, Character of the Light. — The light of the voltaic are has a 
dazzling brilliancy, and attempts were long ago made to utilize it. 
The failures of these attempts were due not so much to its greater 
costliness in comparison with ordinary sources of illumination, as to 
the difficulty of using it effectively. Its brilliancy is painfully and 
even dangerously intense, being liable to injure the eyes and produce 
headaches. Its small size detracts from its illuminating power^ — it 
dazzles rather than ill/u,'minatea-—a.nd it cannot be produced on a. 
sufficiently small scale for ordinary purposes of convenience. There 
is no mean between the absence of light and a light of overpoweruig 
intensity. 

There is, however, one application in which these peculiarities of 
the electric light are positive advantages, penetration being the 
essential requisite; we mean the lighting-up of lighthouses. Here 
the office of the light is not to render other objects visible, but to be 
itself seen; and in this respect, in hazy weather, the electric light is 
found decidedly superior to oil-lamps. 
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The electric light ba« also long be«n used for throwing images a 
ft screen in lectuie-illustr&tioiu 
&nd for producing varioxiB lu- 
s eti'ects in theatrical exhi- 




has shown that it I 



bitions. ^B 

A.S the carhons under^ was^H 
l>y cotuhufition, it is aecc»ar^ ^H 
employ some means for ki^ping 
tliem at a nearly constant dis- 
tanc*^, so as to givt: a steady light. 
Several different regulatDi*s havi 
Wen employed for this purpoa 
all of them depending on i 
principle that the ati-ength { 
the current diminishes, ae i 
distance, an<] coasequently I 
resistance, increases. Wt 
hiietly de.scrilje Foiieault's. 

864. FoQoault's Regulator.- 
contains two systems of whee 
work, one for bringing the c 
bona nearer together, and 
other for moving them further 
apart. Fig. 500 represents the 
apparatus, with the omission a 
a few intermeiliate wheels. L'^ 
a barrel didven by a spring i 
closed within it, and driviq 
several intermediate 
which transmit its motion to tl 
Ay o. L is the second barr 
driven by a stronger spring, anj 
driving in like manner the tiyoj 
The racks which carry the <: 
bous work with toothed wheo 
attached to the barrel L', 
^; wheel for the positive carbon 
liaving double the diameter o! 
the other, because experiencu 
wice as rapidly. The currenl 
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t tlie bin ding- screw C, trav«i-(ie« tltc wiil tit" tlie electro-magnet E, 
and passes through thp ivheel-work to the rack D, which carries the 
positive carbon. From the positive carbon it passes through the 
voltaic are to tho negative carbon, ajid thence, through the support 
H, to the binding-screw connected with the negative pole of the 
battery, 

WTien the armature F descends towai-ds the magnet, the other 
arm of the lever F P is raised, and this movement is resisted by the 
spiral spring R, which, however, is not attaclied to the lever in 
question, but to the end of another lever pressing on ita upper aide 
and movable about the point X, The lower side of this lever is 
curved, so that its point of contact with the fii-st lever changes, 
giving the spring greater or lesa leverage according to the strength 
of the current. In virtue of this aiTangement, which is duo to 
Robert Houdin, the armature, instead of being placd in one or the 
ntlier of two positions, as in some other regulatoiw, has its position 
continuously varied according to the strength of the current. The 
anchor T Ms rigidly connected with the lever F P, and follows its 
oscillations. If the current becomes too weak, the bead ( moves to 
the right, stops tlie tly o' and releases o, which accordingly revolves. 
and the carbons are moved forward. If the current becomes too 
strong, a is stopped, o' is releaised, and the carbons are drawn back. 
When the anchor T ( is exactly vertical, biith flies are arrested, and 
the carlwns remain stationary, The curvature of the lever on 
which the spring actj* being very slight, the ascillations of the 
ai'inature and anchor are small, and very slight changes in thi' 
strength of the current and brilliancy of the light ai-e immediately 
con-ectcd. 

865. JablochkoFs System of Electric Lighting. — The modern 
revival of interest in the electric light dates from the Paris Exhibi- 
tion of 1878; when some of the streets of Paris were for the first 
time lighted by electric lamps constnicted on a plan devised by M, 
Jablochkoff. Instead of placing the two carbon.s end to end, and 
providing meehaniem for keeping them at the proper distance, he 
dispenses with mechanism, and places them side by side, with an 
insulating substance between them, which is gradually consumed. 
A A (Fig. 591) are the two carbons, separated by a stick of plaster 
of Paris B, The heat produced by the electric current fuses the 
plaster of Paris between the points of the carbons, and tlie fused 

rtion acts as u euiiduetor of high refiistaiice, becouiiiig brightly 
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hatMndfihceat, To li^t the lamp, a {i4eee oC cmiixiii, bdd bj an 

iwmUaor, is laid acroas the two carboD feints until the light ^^Kais^ 

^ and is then renMyred. The lower ends oC the carbons are 

inserted in eopper or brass tubes C C, separated from each 

^Xher by asbesu»; and these tabes are connected by bind- 

ing-screwY with the two wires whidi conrey the current. 

When the corrent employed flows always in the same 
direction, the positive carbon is made twice as large in sec- 
tion as the negative, beeaose it is oonsmned about twice as 
fast. When the corrent is altematii^ which is ihe pre- 
ferable arrangement, they are made equal 

The light, when used for street lamps, is sorroonded by 
a globe of opal glass, which serves to diffiise its intensity 
and prevent dazzling. 



rif, SOI. The corrent is f omished by a magneto-electric machine, 
jaUMhiMtf either an ordinary Gramme machine, which gives a corrent 



alwajrs in one direction, or a Gramme machine specially 
modified for giving corrents in alternate directions. The machine 
is driven by a small steam or gas engine of as many horse-power 
as there are lamps to be supplied; sixteen lamps being sometimes 
sopplied in one circuit by a single machine. 
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ELECTRICAL AND MAGNETIC UNITS. 

UNITS AND DERIVED UNITS. 

(1.) The numerical value of a concrete quantity Ls its ratio to a 
particular unit of the sauie kind; the selection of this unit being 
always more or less arbitrary. 

(2.) One kind of quantity may, however, be so related to two or 
more others, as to admit of being specified in terms of units of 
these other kinds. For example, of the three kinds of quantity, 
called distance (or length), time, and velocity, any one is capable 
of being expressed in terms of the other two. Velocity can be 
specified (as regards amount) by stating the distance passed over 
in a specified time. Distance can be specified by stating the 
velocity required for describing it in a specified time, and time 
can be specified by stating the distance described with a specified 
velocity. 

Force, distance, and work are in like manner three kinds of quan- 
tity, of which any two are just sufficient to specify the third. 

(3.) Calculation is greatly facilitated by emplojdng as few original 
or underived units as possible. These should be of kinds admitting 
of easy and accurate comparison; and all other units should be 
derived from them by the simplest modes of derivation which are 
available. 

DIMENSIONS. 

(4.) Velocity is proportional directly to distance described, and 
inversely to the time of its description; and is independent of all 
other elements. This is expressed, by saying that the dvmenaiond 

/• 7 •, distance lemrth 

of velocity are -^^ or -^— . 
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Again, if wc define the unit of velocity to be that with which unit 
distance would be described in unit time, the real magnitude of the 
unit of velocity will depend upon the units of length and time 
selected, being proportional directly to the real magnitude of the 
former, and inversely to the real magnitude of the latter. This is 
expressed by saying that the dimeTiaions of the unit of velocity are 

^?^. Both forms of expression are convenient; and the ideas which 

they are intended to express are logically equivalent. 

MKCHAXICAL UNITS. 

(5.) All electrical anrl magnetic units can be derived from units of 
length, mass, and time. We shall denote length by I, mass by vi, 
and time by t. 

(6.) The unit of vdocity is the velocity with which unit length is 

described in unit time. Its dimensions are -. 

(7.) The iniit of acceleration is the acceleration which gives 
unit increase of velocity m unit time. Its dimensions are ^.j^jg 
or -,. 

(8.) The \n\\i force Ls that which acting on unit mass produces unit 
acceleration. Its dimehsioiis are mass x acceleration, or -^. 

(9.) The unit of xcork is the work done by unit force working 

through unit length. Its dimensions are force X length, or -^. 

(10.) The unit of kinetic energy is the kinetic energy of two units 
of mass moving with unit velocity (according to the formula J i?itr). 

Its dimensions are mass x (velocity)^, or -r^-, and are the same as 

the dimensions of work. It might appear simpler to make it the 
energy of one unit of mass mo\dng with unit velocity; but if this 
change were made, it would l>e necessary either to halve the unit 
of work, or else to make kinetic energy double of the work which 
produced it. Either of these alternatives would involve greater 
inconvenience and complexity than the selection made above. 

ELECTRO-STATIC UNITS. 

(11.) Let q denote quantity of electricity measured statically, so 
that the mutual repulsion of two equal quantities q at distance /, 
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is ^. This being equal to a force, the dimensions of 3* must be 

(length)* X force, or ^ , and the dimensions of q must be ^^. 

(12.) Let V denote difference of potential. Then the work re- 
quired to raise a quantity q through a difference of potential V, 

is gV. The dimensions of V are therefore ^^, or ^ —tt^. or 

~— . The dimensions of potential are of course the same as those 

of difference of potential. 

(13.) The capacity of a conductor is the quotient of the quantity 
of electricity with which it is charged, by the potential which this 
charge produces in the conductor. The dimensions of capacity are 

therefore— p^ . ^^p ^^ simply I, In fact, as we have seen (§ 613), 
the capacity of a spherical conductor is equal to its radius. 



ELECTRO-MAGNETIC UNITS. 

(14.) Let P denote the numerical value of a pole (or the strength 
of a pole). Then, since two equal poles P at distance I repel each 

other with the force jj, which must be of the dimensions yj-, the 

dimensions of P are ^y^. 

(15.) Let I denote the intensity of a magnetic field. Then, a 
pole P in this field is acted on with a force P I. This must be of 

the dimensions -75^ . Hence, the dimensions of I are ^ . .,, , or 

iTt' 

(16.) Let M denote the moment of a magnet. Since it is the pro- 
duct of the strength of a pole by the distance between two poles, its 

dimensions are ^* . 

(17.) Intensity of rruignetization is the quotient of moment by 

volume. Its dimensions are therefore j^ or %^, These are the same 

as the dimensions of intensity of field. 

(18.) When a magnetic substance is placed in a magnetic field, it 
is magnetized by induction; and each substance has its own specific 
coefficient of magnetic indvxition (constant, or nearly so, when the 
field is not excessively intense), which expresses the ratio of the 
intensity of the induced magnetization to the intensity of the 
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field. For diamagnetic substances, this coefficient is negative, 
that is to say, the induced polarity is reversed, end for end, as 
compared with that of a paramagnetic substance placed in the 
same field. 

(19.) Tlie work required to move a pole P from one point to 
another, is the product of P by the difference of the magnetic poten- 
tials of the two points. Hence, the dimensions of magnetic poten- 

tiaUve'^ _^.or^*. 

r mklt t 

(20.) A current C fiowing along a circular arc, produces at the 
centre of the circle an intensity of field equal to C multiplied by 
length of arc divided by square of radius. Hence, C divided by a 

length is equal to a field-intensity, the dimensions of which are ^» 
and the dimensions of C are ^ — 

(21.) The quantity Q of electricity conveyed by a current is the 
product of the current by the time that it lasts. Its dimensions are 
therefore -mi ii. 

(22.) The work done in urging a quantity Q by an electro-motive 

force E is E Q, hence the dimensions of electro-motive forc^ are ^ 
^^T^ or —J— ; and as electro-motive force is diflference of potential, 

these are also the dimensions oi potential, 

(23.) The capacity of a conductor is the quotient of quantity of elec- 
tricity by potential; its dimensions are therefore ^• 

(24.) The resistance R of a circuit is, by Ohm's law, equal to ^• 

Its dimensions are therefore ^r- m or -, and are the same as the 

dimensions of velocity. 

COMPARISON OF THE TWO SETS OF UNFFS. 

(25.) On comparing the dimensions of the same element as mea- 
sured according to the two systems, it will be observed that they 
are not identical. The dimensions of quantity of electricity, for 
example, in the first system, are to its dimensions in the second, as 
liot) and the dimensions of capacity are as P to t\ 

Notwithstanding this difference of dimensions, two quantities of 
electricity which are equal when compared statically, are also equal 
when compared magnetically, or if one be double of the other when 



ELBCTRICAL ISD UAOMBTia USITS. 



861 

Qipared 



I 
I 



compared statically, it will also be double of the other when C' 
inagneticalij. 

(26.) An illustration from a somewhat more familiar department 
may assist the reader in convincing himself that it is possible for one 
and the same kind of quantity to have different dimensions according 
to the line of derivation employed. It is well known that uniform 
spheres attract each other with a force which ia directly as the pro- 
duct of their masses, and inversely as thi? square of the distance 
between their centres. If this law were made to furnish the unit of 
force, the dimensions of force would be j,, instead of -^, as pre- 
viously found. The ajnbiguity depends partly on the fact that I in 
the one formula denotes distance between attracting centres, and in 
the other distance moved over. It is only when the mode of deriva- 
tion is distinctly specified, or is too obvious to need specification, 
that the dimensions of a quantity admit of being determinately stated. 
As the definition of a derived unit necessarily involves a specification 
of the mode of its derivation, there ia some advantage in speaking 
of tht.' dilriensionB of a ■u/nit, rather than of the dimensions of the 
quantity which the unit serves to measure. 

(27.) Derived units are often called absolute unite; but it seema an 
abuse of language to define a unit by its relation to other arbitrary 
units, and then call it absutate. 

{2S.) A committee of the British Association have recommended 
that the centimeti'e, gi'anime, and second be adopted as the general 
basis of all derived units; and that the units thence derived be dis- 
tinguished by the initial letters C, G. S. prefixed. 

(29.) Ratio of the Two Units of Quantity is the Velocity of 
Light. — Let the units of length, mass, and time in any other system 
be respectively equal to 



Then the new electro-magnetic unit of qumitity will be m* i' times 
the C. Q. S. electro-magnetic unit; and the new electro-static unit 
of quantity will be wil U t' ' times the C. G. S. electro-static unit. If 
the two new units of quantity are equal, we shall have the following 
relation between the two C. G, S. units, namely — 



I that is. 



1* li eleotro-mngnetiu uiiita = 
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Bat J is clearly the value, in centimetres per second, of that velocitj 

which would be called unity in the new system. This is a definite 
concrete velocity; and its numerical value will always be equal to 
the ratio of the electro-magnetic to the electro-static unit of quantity, 
whatever units of mass, length, and time are employed. 

From numerous experiments in which the same quantity of elec- 
tricity was measiured both statically and magnetically, it appears 
that this velocity is (within the limits of experimental error) identi- 
cal with the velocity of light. Professor Clerk Maxwell maintains 
that light, electricity, and magnetism are all affections of one and 
the same medium; that light is an electro-magnetic phenomenon, 
and that its laws can be deduced from those of electricity and mag- 
netism. 




EXAMPLES. 



1. Sum to infinity the two geometric series of § 622, which express the quan- 
tities successively discharged from the two coatings. 

2. Compare the energy of discharge of a single Leyden-jar with that of a 
battery of n such jars, 

(1) When the charge of the single jar is equal to that of the battery, 

(2) When both are charged to \he same potential. 

3. A series of n Leyden-jars are charged by cascade, the knob of the first 
being in connection with the conductor of the machine, the potential of which is 
y. If the first jar be disconnected from the machine and from the second jar, 
and its outer coating be connected with the earth, what will be the potential of 
its inner coating? 

4. Show that the spark obtained by connecting the knob of the first jar in a 
cascade arrangement with the outer coating of the last, will be stronger than that 
which would be obtained by connecting the knob and outer coating of the first 
jar, if this jar were charged in the ordinary way with the same quantity of elec- 
tricity which it has in the cascade arrangement. 

5. If n similar jars are charged by cascade, and then connected so as to form 
an ordinary Leyden-battery, compare the energy of the discharge obtained by 
connecting the two coatings of the battery with that of the discharge which would 
have been obtained by connecting the inner coating of the first jar with the outer 
coating of the last in the cascade arrangement. 

6. An electrified body is fixed at the distance of a few inches from the knob 
of an uncharged gold-leaf electroscoi>e, and produces divergence of the leaves. 
How will this divergence be affected, 

(1) By introducing a wire-gauze shade in connection with the earth between 
the charged body and the electroscope? 

(2) By placing a wire-gauze shade in connection with the earth bo as to 
inclose both the charged body and the electroscope? 

7. A metallic vessel A is filled with shot, which run out, one by one, along a 
metal tube terminating near to an insulated positively charged conductor, but not 
so near that a spark can pass. The shot drop from the tube into a second metallic 
vessel B. What will be the final electrical condition of each of the vessels; 

(1) If both are insulated? 

(2) If B is insulated, but not A ? 

(3) If A and B are connected together by a wire, but insulated from other 
bodies? 

Show how the principle of the conservation of energy applies in each case. 
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8. Show that the energy of a conductor of capacity C charged to potential V 
ifliCV". 

9. Show that the gain or loss of potential energy in transferring a quantity Q 
of electricity from one conductor to another is Q (Vj - V,), where Vi is the arith- 
metical mean of the potentials of one of the two conductors before and after the 
transfer, and V, is the similar mean for the other conductor. 

In the four following examples the skeletons are supposed to be made of 
imiform wire, and the resistai>ce of one side (or one edge) is called unity. 

10. Find the resistance between opposite comers of a skeleton square. 

11. Find the resistance between two comers of a skeleton equilateral triangle. 

12. Find the resistance between two opposite corners of a skeleton cube. 

13. Find the resistance between two corners of a skeleton regular tetrahedron. 

14. Investigate a formula for the resistance of a wire in terms of its length, 
mass, density, and 8p>ecific resistance. 

15. The terminals of a battery of three cells are connected by a wire of resist- 
ance R ; and it is found that when the terminals of a fourth cell similar to the 
cells of the battery are connected with the terminals of the battery, the current 
through R is not altered. Compare R with the resistance of one cell. 

16. A battery consists of ten similar cells airauged in a series, and the circuit 
is completed by a wire 10 ft. long. If this wire, at a point 2 ft. from the first 
terminal, is allowed to touch the binding-screw which connects the second and 
third cells, show whether there will be any alteration in the current in either 
part of the wire. 

17. The terminals of a battery are connected by a wii-e of ten thousand units' 
resistance. Compare the indications of an electrometer when its electrodes are 
joined (1) to the terminals of the battery, (2) to points in the wire sepai^ted by 
eight thousand units' resistance, (3) to points separated by three thousand units* 
resistance. 

18. A galvanic battery of ten cells has its ends joined by a wire 100 ft. long 
with a resistance five times that of the battery. Also the junction of the third 
and fourth cells is in communication with the earth. Find the potentials of the 
other junctions, and of the terminals of the battery. 

19. Investigate the effect on the current of a battery of five cells, with an ex- 
ternal resistance equal to that of one cell, 

(1) When half the liquid in one of the cells is removed, 

(2) When, for the zinc of one cell another metal is substituted, such that this 
cell by itself would produce a current only half that of one of the other cells by 
itself. 

20. A battery is to be constructed with plates of a given aggregate area, and at 
a given distance apart, for the purpose of heating a wire whose resistance is given. 
Find the number of cells which will heat the wire most. 

21. A and B are two batteries constructed of the same materials. The resist- 
ance of A is to that of B as a : 6, and the current in A is to that in B as i \j^ the 
external resistances being negligible. Find the ratio of the amount of zinc con- 
sumed in A to that consumed in B in the same time. 

22. The current from a battery of ten equal elements, passes through a volta- 
meter, and evolves 50 cc. of hydrogen per minute. Fifty metres of wire are now 
introduced, in addition, into the circuit, and the volume of hydrogen now evolved 

n the voltameter per minute is 30 cc. If the resistance of 2*5 metres of the 
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introduced wire be the unit of resistance, and the unit of current be that which 
evolves 1 cc. of hydrogen i>er minute, what is the electro-motive force of one 
element of the battery? 

23. The circuit of a constant battery includes a tangent galvanometer, and an 
electro-magnetic engine (say a reversed Gramme). Describe and explain the 
difference, if any, in the indications of the galvanometer, according as the electro- 
magnetic engine is held at rest, or allowed to turn. 

24. A straight horizontal copper bar, in electric communication with the earth 
by chains hanging vertically from its two ends, is carried in a horizontal plane in 
the four following ways, 

(1) The bar is in the magnetic mendian, and is earned in the direction of its 
own length. 

(2) It is perpendicular to the meridian, and is earned in the direction of its 
own length. 

(3) It is in the meridian, and is carried perpendicular to its own length. 

(4) It is perpendicular to the meridian, and is carried perpendicular to its own 
length. 

Compare the currents (if any) generated by the motion in the four cases. 

25. A metal ring rotates uniformly round a horizontal diameter, which is per- 
pendicular to the magnetic meridian. In what parts of the revolution is the 
induced current strongest, and in what parts does it vanish? 

26. Compare the currents in the preceding question with those induced by 
rotating the ring with the same velocity round a vertical diameter. 

27. Compare the electro-motive forces generated, in two rings of different 
radii, by rotating with equal angular velocities round parallel diameters. 

28. Prove that the distance of a fault in a submarine cable is to the whole 
lensfth of the cable as 



S- V(T-S)(R-S)toR, 

S denoting the resistance of the faulty cable when connected with earth at the 
further end, 

T its resistance when insulated at the further end, 

R the resistance of the cable before it was faulty. The fault is supposed to 
consist in a loss of insulation, and all parts of the cable except the fault are sup- 
posed to be perfectly insulated. 



ANSWERS. 

Ex. 1. Q, mQ. Ex. 2. Energy of discharge of single jai' is n times that of 

battery in case (1), and - in case (2). Ex. 3. - . 

n n 

Ex. 4. Since Q is to equal Q', the charges and potentials in the cascade arrange- 
ment are n times as great as in the case supposed in § 632. Hence the energy of 
the spark is n^ times as great. It is therefore n times the energy of the spark of 
the single jar. Ex. 5. The same. 

Ex. 6. In case (1) the electroscope will be completely screened from the influence 
of the electrified body, and the leaves will collaiise. In case (2) electricity of the 
opposite sign to that of the charged body will be induced on the shade, and the 
divergence of the leaves will be diminished. 
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Ex. 7. (1) A will become poeitivelj and B negatively charged, the shots acting 
as canien of negative electricity from A to R (2) B will become negatively 
charged, more qaickly than in case (1). (3) The n^;atiYe carried from A to B 
by the shots retoms from B to A by the wire as fast as it is sapf^ed. 

In (1) and (2) the descent of the shots is opposed by electrical forces. Hence 
they fall more gently, and generate less heat by concnssioiiy than they would in 
the absence of electricity. 

Ex. 10. 1. Ex. 11. |. Ex. 12. |. Ex. 13. ^ Ex. 14. ^^ 

Ex. 15. R is 1^ times the resistance of one cell. 

Ex. 16. None ; for the two points which tonch had the same potential before 
contact 

Ex. 17. As 10, 8 and 3. 

Ex. 18. First terminal -^e, hat terminal— g-«, junctions ^-e, g«, 0, — g-«, — -^ «f 

&c, e being electro-motive force of one celL 

Ex. 19. The current will be diminished (1) as 7 to 6, (2) as 10 to 9. 

Ex. 20. Let B denote the resistance of the wire, and r the resistance of the 
battery when consisting of a single celL The number of cells n must be that 

which gives the smallest difference between nr and —• 



Ex. 21. As a^ to bj\ 
1 
10 



Ex. 22. 150 + ^^9 where / denotes the reverse electro-motive force of the 



volta-meter. 

Ex. 23. The current will be weakened by allowing the engine to turn, because 
the motion generates a reverse electro-motive force. 

Ex. 24. No current in cases (1), (2), and equal currents in (3), (4). The currents 
are due solely to the vertical magnetic force, for though the lines of horizontal 
force are cut by the chains in (2) and (3), the electro-motive forces are up both 
chains, or down both, and so destroy each other. 

Ex. 25. Strongest when the plane of the ring is paraUel to the dipping-needle. 
Vanishes when plane of ring is perpendicular to dipping-needle. 

Ex. 26. As total intensity to horizontal intensity, or as 1 to cosine of dip. 

Ex. 27. As the squares of the radii, or directly as the areas indosed. 
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Aiuimi musivum, 576. 
Austral pole, 657. 
Autographic telegraph, 822. 
Automatic system, Wheatstone's, 

827. 
Axis, magnetic, 66x. 
Azimuth, 655. 

Babbage & Herschel's roUtions, 

802. 
Bain's electro-chemical telegraph, 

822. 
Balance, induction, 840. 

— torsion, 559. 
Battery, galvanic, 688. 

Bunsen's, 694. 

Cruickshank's, 691. 

Daniell's, 693. 

Grove's, 694. 

Hare's, 692. 

telegraphic, 807. 

Wollaston's, 691. 

Battery of Leyden jars, 620. 

— discharge of, 625. 
Bertsch's electrical machine, ; 84. 
Bifilar magnetometer, 671. 
Biot's hypothesis of terrestrial 

magnetism, 674. 

Bohnenberger's electroscope, 695. 

Boreal pole, 657. 

Bourbouze's engine, 833. 

Breguet's telegraph, 8x0. 

Bridge, Wheatstone's, 735-740. 

British Association unit of resist- 
ance, 779-782. 

Bzoken magnet, 659. 



Brush, electric, 585. 
Bucket, electric, 596. 
Bunsen's cell, 694. 

Cage electrometer, 638. 
Calibration of thermo- multiplier, 

705. 
Capacity, electric, 603. 

— of condenser, 607. 

— specific inductive, 615. 
Carbon melted, 843. 

— metallized, 839. 

— points, image of, 842. 
Cascade, charge by, 622. 
CasselU's telegraph, 822. 
Cathode, 710. 

Caution r^;arding lines of force, 
804. 

Cell, standard, 735. 

Cells, arrangement of, for maxi- 
mum current, 729. 

C G. S. imits, 851. 

Charge by cascade, 622. 

— residual, 61 x. 

Charts of magnetic lines, 673. 
Chemical action and electro-mo- 
tive force, 717. 

heat in circuit, 742. 

necessary to current, 696. 

— effects of spark, 594. 
Chimes, electric, 641. 
Circuit, magnetic force of, 706. 
Clarke's machine, 788. 

Clink accompanying magnetiza- 
tion, 680. 

Docks, electrically controlled, 835. 

Coatings, jar with movable, 61 1. 

Coefficient of magnetic induction, 
849. 

Coercive force, 658. 

Coil, Ruhmkorff's induction, 783. 

Commutator, 785, 790. 

Compass, ship's, 676. 

Compound magnet, 662, 679. 

Condensers, electric, 606. 

capacity of, 607. 

discharge of, 608. 

— for galvanic electricity, 618. 
Condensing electroscope, 619. 

— power, 613. 

Conductivity, comparison of ther- 
mal and electrical, 726. 

Conductors, electrical, list of, 547. 

— lightning, 65X. 
Conjugate branches, 738. 
Consequent points, 678. 
Contact-electricity, 687. 
Contiguous particles, induction by, 

555- 
Controlled clocks, 835. 
Convection of electricity, 571, 645. 

heat by electricity, 750. 

Copper-cube experiment, 803. 
Coulomb's torsion-balance, 559. 
Couroime de tasset, 691. 



Cowper's wnHng telegraph, 825. 
Cruickshank's trough, 69X. 
Current, deflected by magnetic 
force, 699. 

— direction of, in battery, 686. 

— numerical estimate of, 699. 
Cushicms of electrical machine, 

575- 

Dampers, copper, 803. 
Damimess destroys insulation, 548. 
Daniell's battery, 693. 
Declination magnet, 667. 

— magnetic, 656, 666. 
changes of, 675. 

— theodolite, 667. 
Deflagrator, Hare's, 692. 

De La Rue's experiments, 787. 
Delezenne's circle, 781. 
Deitsity, electric, 568. 
Despretz on heat of voltaic arc, 

843. 
Diagram, thermo-electric, 747. 
Dial telegraphs, 810-814. 
Diamagnetic bodies, 680-685. 
Dielectric, influence of, 614. 

— polarization of, 617. 
Differential galvanometer, 703. 
Dimensions of units, 847. 
Dip, 656. 

Dip-circle, 669. 

Directive tendency of iron, 681. 

Discharge in rarefied gases, 588, 

786-788. 
Discharger, jointed, 608. 

— universal, 625. 
Dissipation of charge, 571. 
Distribution of electricity on con- 
ductors, 569. 

Divided circuits, 728. 
Dry pile, 696. 
Duality of electricity, 548. 
Duplex telegraphy, 828. 
Dynamo-electric machines, 795- 
80X. 

Earth, action of, on currents, 76 x, 

— as a magnet, 674. 

— for return wire, 806. 
Earth-currents, 599. 
Efficiency of engines, 831. 
Egg, electric, 588. 
Electrical force at a point, 597. 

— machines, 573. 
Electric light, 841-846. 
Electricity, 546. 

— atmospheric, 64a 
Electrodes, 688, 710. 
Electro-dynamics, 752. 

reduced to electro-magnetics, 

76X. 

gilding, 7x8. 

magnetic engines, 831-834. 

^milgnets, 769. 

— medical machines, 804. 
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Electro-plating, 718. 
Electrolysis, 709. 

— laws of, 714. 
Electrometers, 633. 
Electrometer, absolute, 633. 

— attracted disc, 633. 

— cage, 638. 

— measures force of battery, 733. 

— portable, 633. 

— quadrant, 636, 718, 793. 
Electro-motive force, chemical re 

lations of, 717. 

measurement of, 733-734. 

of different batteries, 734. 

Electrophorus, 582. 
Electroscope, 556. 

— Bohnenberger's, 695. 

— condensing, 619. 
Electrotype, 719. 

Element of current, magnetic force 
due to, 706. « 

mutual action of, 760. 

Ellipsoid, distribution of electri 
city on, 569. 

Elmo's fire, St., 643. 

Energy of charged conductor, 599 

Equipotential surfaces, 598. 

Equivalents, electro-chemical, 7 1 5. 

Extra current, 783. 

Faraday's experiments within elec 
trifled box, 567. 

— views regarding electro- stat'w 

induction, 555, 617. 
Field, magnetic, 661, 

intensity of, 663. 

uniform, 778. 

Filings, lines formed by, 653. 
Fluids, electric, theories of, 550. 
-- imaginary magnetic, 659. 
Force, lines and tubes of, 598, 600. 

their movement, 779. 

their relation to induced 

currents, 774-777. 
Force due to a circuit, 706. 

— near surface of conductor, 601. 

— unit of, 848. 
Foucault's regulator, 844. 
Franklin's experiment on light 

ning, 640. 
Frog, experiment with, 689. 
Froraent's engine, 833. 
Fuse, Statham's, 786. 

Galvani, 688. 
Galvanic battery, 688. 

— electricity, 686. 
Galvanometer, 697. 

— a true measurer of current, 707. 

— choice of, 772. 

— measurement of resistance of, 

740. 
Gas-battery, 717. 
Geissler's tubes, 787. 
Gimbals, 676. 

Gold-leaf electroscope, 557. 
Gramme's machine, 798-801. 

reversed, 834. 

Grotthus' hypothesis, 710. 
G'ovr's battery, 694. 
g^s-hattery, 717. 



Hail, Volta's theory of, 651. 
Hare's deflagrator, 693. 
Heat and electricity, 741. 

— effects of, on magnets, 680. 
Heating by current, 741-744. 
Leyden jar discharge, 625, 

639. 
Helmholtz's galvanometer, 706. 
Holtz's electrical machine, 581. 
Horizontal intensity, 664. 
Houdin's regulator, 845. 
Hughes' printing telegraph, 8x8- 

833. 
Hydro-electric machine, 579. 

Ice-pail experiment, 566, 603. 
Images, electric, 605. 
Imaginary magnetic matter, 659. 
Inclination, magnetic, 656. 
Induced currents, 771-779. 

laws of, 775-777- 

Induction balance, 840. 

— coil, 783. 

— electric-static, 553-558, 602. 
related to force-tubes, 602. 

— magnetic, 658, coefficient of, 849. 
Inductive capacity, specific, 613. 
Instantaneous current, 706. 
Insulators, list of, 547. 

— for telegraph wires, 809. 
Intensity, horizontal, vertical, and 

total, 665. 

— of field, 662, 849. 

— of magnetization, 662, 849. 
Interior of conductor, 567. 
Inverse squares, 560, 568. 
fron in uniform field, 681. 
(soclinic lines, 674. 

Jablochkoff electric light, 845. 
Jets, Rayleigh's experiments on, 

651. 
Jones' controlled clocks, 835. 
joule's law for energy of current, 

742. 

Kerr's discovery, 618. 
Key, Morse's telegraphic 816. 
Kienmayer's amalgam, 576. 
Kinnersley's thermometer, 593. 

I^add's machine, 796. 
I^timer Clark's method, 733. 

standard cell, 735. 

Ivcnz's law, 774. 
Level surfaces, 600. 
F^yden battery, 620. 

— jar, 6io. 

capacity of, 607. 

invention of, 609. 

Mrith movable coatings, 611. 

Lichtenberg's figures, 631. 
Lifting power, 679, 
Light an electro-magnetic pheno- 
menon, 852. 

— electric, 841-846. 
for lighthouses, 843. 

— effect of on selenium, 750. 
Lighthouse machines, 791,792,846. 
Lightning, 640. 

- -conductors, 642. 

— duration of, 641. 



I..imit of charge, 576. 

Lines, isodinic, isodynamic, iso- 

gonic, 674. 
Lines of force, 598, 600^ 660. 

caution rq^arding, 804. 

dne to current, 698, 761. 

magnetic 660. 

shown by filings, 654. 

Local action, 695. 
Lodestone, 653. 
Loop test, 737. 

Machine, electrical, 573. 

Bertsch's, 583. 

Guericke*!, 573. 

Hawksbee's, 574. 

Holtz's, 581. 

Naime's, 577. 

Ramsden's, 575. 

Winter's, 577. 

— hydro - electric Armstrong's, 

579- 
Machines, magneto-electric, 788- 

801. 
Magnet, force at different points 

ofi 654. 
Magnet, ideal simple, 661. 

— moment of, 663, 663. 

— natural, 653. 

Magnetic attraction and repulsion, 
660, 661. 

— charts, 673. 

- curves formed by filings, 654. 

— fluids, imaginary, 659. 

— meridian, 656, 673. 

— potential, 66a 

— storms, 676. 

— variations, 675. 
Magnetism, remanent or residual, 

77a 
Magnetization by currents, 768. 

— methods of, 677, 769. 

— specification of, 660. 
Magneto-crystallic action, 6S4. 

electric induction, 773-779. 

machines, 788-801. 

Magnetometers, 671. 
Mance's method, 74a 

Matches for collecting electricitN , 

645, 646. 
Maxwell's rule for action between 

circuits, 761. 
Mechanical effects of discharge, 

593. 639. 
Melloni's method of evaluating 

deflections, 705. 
Meridian, 656. 

Meridians, chart of magnetic, 673. 
Microphone, 839. 
Mines, firing by electricity, 631. 
Mirror electrometer, 636. 

— galvanometer, 704. 
Moisture destroys insulation, 548. 
Molecular changes at magnetiza- 

• tion, 679. 
Moment of magnet, 663, 663. 
Morse's telegraph, 8x4, 8x7. 

— telegraphic adphabet, 8x6. 
Mortar, electric 593. 

Motion of charged body equivalent 

to current, 707. 
Multiplier, 701. 
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Naime's electrical machine, 577. 
Needle, magnetized, 655. 
Neutral point, 746. 

CErsted's experiment, 697. 
Ohm as unit of resistance, 78a 
Ohm's law, 733. 
Opposing springs, 77a 

Parallel currents, 754. 
Paramagnetic bodies, 680-6S5, 850. 
Peltier effect, 749. 
Pen, electric 834. 
Pendulum, electric 549. 

- electrically controlled. 836. 
Perforation by electric discharg ' 

629. 
Phillips* electrophorus, 583. 
Pile, dry, 696. 

— Volta's, 689. 
Pistol, Volta's, 594. 
Pixii's machine, 541. 

Plant^s secondau-y battery, jiC. 
Points discharge electricity, 571. 

— wind from, 596. 
Polarization in batteries, 69£,. 

— of dielectric 617. 

- of electrodes, 716. 
Poles of battery, 688. 

— of magnet, 653, 657. 

streng^ of, 661. 

their names, 657. 

Portal lie electrometer, 633. 
Porta ave force, 679. 
Portr lit, electric, 626. 
Potassium, discovery of, 71 t. 
Potential, 597, 6ot. 

— analogous to level, 599. 

— and induced distribution, 604. 

— curve of, in battery, 731. 

— equal to sum of quotients, 602. 

— its relation to force and work. 

597, 598- 

— magnetic, 660. 

— strong and feeble, 618. 
Proof-plane, 564. 

Puncture by electric discharge 

620. 
Pjrro-electricity, 750. 

Quadrant electrometer, 636. 

— electroscope, 576. 

Ramsden's electrical machine, 575. 

Rarefaction by Alvergniat's meth- 
od, 589. 

Rarefied gases, discharge in, 588. 

Ratio of the two units of electri- 
city, 851. 

Rayleigh on electrified drops, 651. 

faint sounds, 838. 

Reaction of magnet on current. 
699. 

Regulators for electric light, 844. 

Relay, 817. 

Remanent magnetism, 770. 

Replenisher, 638. 

Repulsion, see Attraction. 

— a more reliable test than attrar 

tion, 556. 
Residual charge. 61 x. 

— magnetism, 770. 



Resistance, electrical, 733. 

—' — and thermal, compared, 726. 

— in battery, 737. 

measurement of, 732, 734, 740. 

— of wires, 724. 

— specific, 733. 

— table of, 736. 

— unit of, 779, 78a. 

— -coils, 735. 

Reversed Gramme machine, 834. 

Rheostat, 724. 

Ronalds' telegraphic experiments , 

806. 
Rotations, electro-dynamic, 755- 

757- 

— electro-magnetic, 766. 
Rowland's experiment, 707. 
Rubbers of electrical machine, 576 
Ruhmkorff's coil, 783. 

— dynamo machine, 797. 
Rupture of magnet, 659. 

Salts, electrolysis of, 712. 
Saturation, magnetic, 678. 
Sawdust battery, 695. 
Schweiger's multiplier, 70X. 
Secondary battery, 716. 

— coU, 783. 

Selenium, effect of light on, 750. 
Self-induction, 783. 
Setting in uniform field, 681. 
Shock from Leyden jar, 591. 
Siemens' armature, 793. 

— and Wheatstones inventio:' 

795- 

— dynamo machine, 797. 
Mmple magnet, ideal, 661. 
Sine-galvanometer, 700. 
Sinuous currents, 759. 
Siphon recorder, 827. 
Solenoids, 762-765. 
Spangled tube, 591. 
Spark, electric 585. 

colour of, 590. 

duration of, 586. 

heating effects of, 594 

in rarefied air, 587. 

— from induction-coil, 785. 

De la Rue's battery, 787. 

Specific inductive capacity, 615. 
Sphere, electric capacity of, 604 
Squares, inverse, 560, 568. 
Statham's fuse, 786. 

Steel, its magnetic propcrtie<;, 65^ 
Step-by-step telegraphs, 810-814 
Storms, magnetic 676. 
Stratified discharge, 787. 
Strength of pole 661. 

— of current, 699. 
Submarine telegraphs, 826. 
Surface, electricity resides on, 563. 
Swing due to instantaneous cur- 
rent, 706. 

Tangent galvanometer, 701. 
Telegraph, 805. 

— autographic, 822. 

— automatic, 827. 

— dial, 810-814. . 

— electro-chemical, S22. 

— history of, 805. 

— Morse's, 814-817. 



Telegraph, printing, 818-82*. 

— single-needle, 808. 

— submarine, 826. 

— Cowper's writing, 825. 
Telegraphic alarum, 813. 

— alphabet, 816. 

— batteries, 807. 

— wires, 807. 
Telephone, 837, 840. 
Tension, electric 618. 
Testing for faults, 737. 
Thermo-electric junctions, 748. 
electricity, 744-750. 

— -pile, 748, 749. 
Thomson effect, 750. 
Thomson's method for resistance 

of galvanometer, 740. 
Thunder, 642. 
I'ickling by electricity, 592. 
Tornadoes, 652. 
Torricellian vacuum, discharge in, 

589. 

Torsion-balance, 559. 

Transmission of power, 834. 

Transmitters for telephones, 840. 

Transport of elements, 710. 

Tubes of force. 600, 6oi. 

movement of, 779. 

relation of, to induced cur- 
rents, 774-777. 

superposition of, 778. 

Tyndall on magneto- cr^'stallic 
action, 684. 

Uniform field, 778. 

— magnetization, 660. 
CJnit-jar, 628. 

Unit of resistance, B. A., 779-782. 
Units and their dimensions, 847. 

Vacuum, resistance of, 589. 
Variation of magnetic elements, 

675- 
Velocity of electricity, -627. 
Vitreous and resinous electricity, 

550. 
Volta, 689. 
Voltaic arc, 841-f 13. 

— electricity, 686. 

— element, 686. 
Voltameter, 709. 

Water, electrolysis of, 713. 
Water-dropping collector, 645. 
— spouts, 652. 
Watering-pot, electric, 596. 
Wheatstones automatic ^stem, 
827. 

— bridge, 735-740. 

— rotating mirror, 587, 627. 

— universal telegraph, 801, 813. 

— and Cooke's telegraphs, 807. 
Whirl, electric, 596. 

Wilde's machine, 794. 
Wind, from points, 596. 
Winter's electrical machine. 578. 
Wires, telegnq>hic, 807. 
Wollaston's battery, 691. 
Work done by current, 741-744 
Writing telegraph, 825. 

Zamboni's pile, 696. 
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THIS book is primarily intended as a Text-book for elementary 
classes of Physics. It aims at presenting, in brief space, those 
portions of I'heoretical Physics which are most essential as a foundation 
for subsequent advances, while at the same time most fitted for exercis- 
ing the learner in logical and consecutive thought. It does not give 
minute directions for manipulation; but, avoiding details as much as 
possible, presents a connected outline of the main points of theory. 

In order to place science upon an equal footing with tlie more estab- 
lished studies of ancient languages and mathematics, as a means of 
practically training the bulk of our youth to vigorous thought, it seems 
necessary that science text-books should be constructed upon such lines 
as these. It is not practicable to make the bulk of the boys in our public 
schools expert scientific manipulators; but it is practicable to ground 
them well in the main lines of scientific theory. The aim must be not so 
much to teach them many facts, as to teach them rightly to connect a 
few great facts together. Science must be taught them from a liberal, 
not from a technical stand-point It is not adapted to supersede oral 
instruction, but is intended to create a demand for amplification and 
illustration such as the teacher will supply. 

The selection of subjects has been governed by their cducalwnal value, 
and by their importance as a foundation for further advances, 1'he order 
in which they are arranged is that which the Author has found, in his 
own experience, to be the best; having regard not only to lucidity of 
explanation, but also to the apparatus required for illustrating each lecture. 

There are about 25 pages of Examples, specially prepared for the 
work, with Answers subjoined. There are also a copious Index, and 
Table of Contents. 
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^rMar PvMJC On»ton, 

of the iKMC ttsdol TeO'^iookft which 
placed IB the hamdmal wii de ifc 
. , . Thcaiiebor^tuykbk»cid,andthccnonaom 
experience wkich he has had ia fTafhiitg natural 
phSoMpfaT is the Qnecar» College, B^Sut, has 
enaUco ma to select exactly those rraiapir* 
which are best fitted for the comp r eh ewioo of 
^ludeiits. We oordtaUy recoounend Frofessor 
Everett's exceflent httle book. 

/>WM /ViET PorVLAK SOBJfCS KcviKw. 

The wisdom of his discrecioa is seen is the way 
in wfcdch he avoids detaib, whilst dwelling on 
general principles: not Cfaaunii^ the bq^mner 
with a multitude of lacts, but rather teaching him 
to connect a few great hkct» together. . . . 
Altogether the w&rk is admirabl^f adapted to the 
wants €4 teacher* who reallv dexire to ^ire their 
Uudents a Aolid groundwMic in the pnociples of 
physical sdcnce. 

J^ram the Watchmaw, 

The work will be found valuable for the boys 
of our public schools. . We hope the book 

will meet with the attention it deserves. 

Prom the SCHOOLMASTEB. 

We think the author has been very successful 
in his attempt, and can confidently recommend 
the work to any commencing the study of the 
physical sciences in connection with attendance 
upon lectures. 

From the ScoTbMAN. 

A compact little treatise. . . . Dr. Everett 
shows considerable facility and clearness in expo- 
sition, and his book will be found useful as a cUus- 
book for beginners. 

Prom the Belfast Nokthbkn Whig. 

The Professor has done a service to the young, 
and more particularly to those attending our 

fmblic schools, by the publication of this excellent 
ittle work on Physics. 
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Frmm Laxd avd Wai 

This book, aUhflMch thonM^Uy 
written on the ptuHUiwe os giving 
facts, mn ii e<: tin g these together, and drawing 
from themocher facts, natil the object of the book 
is coapieted. We know of no ckmcnfar y book 
on the sofaject which is conducted on so good a 
method, and has that arthod carried oat so per- 
fectly. 

From the Goakoiam. 

A work well adapted to train young minds in 
ngorous thought by introdncii^ them, not to the 
easy and popular aspects of a great subject, but 
to the mam unes of scientific theory. 

From the Cnru. Sutvicx Gazbttk. 

It has been carefiilly prepfiurcd, and will serve 
admirably the purpose for which it is intended. 

From the Nottimguam Guardian. 

Dr. Everett's fiSmww/err Text-hook 0/ Physiu 
appears to be admiiaUjr adapted for ^e use <^ 
scho<^ The explanations are ludd, and the 
book is enriched with a number of diagrams 
expbnatory of the various subjects treated upon. 

Prom the English Indrpbnobnt. 

The ejtplanations of Dr. Everett, which are 
illustrated by ^ numerous diagrams, are as free 
from technicalities as is possible with such a sub- 
ject. 

From NoTBS and Quskies. 

This Text-book will be found extremely useful 
in our public schools. 

From John Bull. 

It is elementary in its character and adaj^ed for 
the use of schools, giving a clear and concise out- 
line of the various Dran<mes of physical science. 

From the School Guakdian. 

Compact, condensed, systematic, and piogres- 
bive. 
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OPINIONS OF THE PRESS. 

" Systematically arranged, clearly written, and admirably illustrated: it forms a model work for a 
class in experimental physics." — Saturday Revirw. 

** The subject is treated, so far as convenient, without mathematics — this alone %rill be a boon to 
many readers — while the descriptions of experiments, and accounts of practical applications of the 
principles, impart to the work an interest that is sadly deficient in most purely mathematical introduc- 
ti(xis to this study." — Athetuntm. 

" The 'treatise is remarkable for the vigour of its style, which specially commends it as a book for 
private reading ; but its leading excellence, as compared with the best worics at present in use, is the 

thoroughly rational character of the -information which it presents As an example of the 

concise style in which the book is written, it may be mentioned that the explanation of the composition 
oi parallel forces occupies less than three pages ; yet we have no hesitation in saying that the informa- 
ticm given within that small space will give the student a more thorough and useful insight of the sub- 
ject than could be acquired from the study of ten times the quantity in many of our best works on 
Mechanici.** — Scientific Review. 

*'The clearness of Deschanel's explanations is admirably preserved in the translatimi, while the 
■value of the treatise is enhanced by some important additions." — Nature. 

** We have no work in our ovm scientific literature to be compared with it, and we are glad that 
the translation has fallen into such good hands as those of Professor Everett. . . . The book is a 
valuable contribution to our scientific literature ; it will form an admirable text-book for q>ecial 
science classes in schools." — Quarterly Journal of Science. 

" All who are familiar with the treatise in its original form will admit that Dr. Everett deserves 
the thanks of teachers and students generally, for having furnished them with an admirable translation 
of a work which is characterized by those good qualities that are summed up in the old English word 
' thoroughneM.'"— yiramM/^M^ London Institution. 

" The work bean obvious marks of careful industry on the part of the Editor, <uid of a sincere 
desire to ads^yt this edition to the requirements of the English student. The additions are very 
ouroerous, and many important matters which in the original have been either superficially treated 
or entirely neglected, are introduced into the English edition in a manner entirely scientific." — 
IVestmmster Review. 
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DR. OOILVIE'S DICTIONARIES. 



THE IMPERIAL DICTIONARY, ENGLISH, TECHNOLOGICAL, AND 

Scientific. Adapted to the present state of Literature, Science, and 
Art, on the basis of Webster's English Dictionary, with the addition of 
many Thousand Words and Phrases, including the principal and most 
generally used Technical and Scientific Terms, with their Etymology 
and Pronunciation. Also, a Supplement, containing an Extensive Col- 
lection of Words, Terms, and Phrases, not included in previous English 
Dictionaries. Illustrated by above Twenty-five Hundred Engravings 
on wood. Two large vols., imperial 8vo, 2888 pages, cloth, £\ \ half- 
morocco, ;£4, 1 5 J. 

" A woric which, from the experience of yean, we can pronounce to be on the whole the most 
satisfiu:tory dictionary on a large scale hitherto before the Britbh ^xs^Xvu**— Scotsman. 

" We must in honesty say, that Dr. Ogilvie has not only produced the best English Dictionary that 
exists, but so far as the actual state of knowledge permitted, has made some approach toward 
perfection." — BritUh QuarUrfy Rivuw, 



THE COMPREHENSIVE ENGLISH DICTIONARY, EXPLANATORY, 
Pronouncing, and Etymological. Containing all English Words 
in present use, numerous Phrases, many Foreign Words used by English 
Writers, and the more important Technical and Scientific Terms. The 
Pronunciation adapted to the best modem usage, by Richard Cull, 
F.S.A. Illustrated by above Eight Hundred Engravings on wood. 
Super-royal 8vo, cloth, 25J. ; half-morocco, 32J. 

"This is unquestionably the best Dictionary of the English language, of its size and scope, that has 
yet appeared." — Nonconformist, 

" The ' Comprehensive Dictionary ' is worthy of its title, and deserving of every confidence as a 
standard book of reference on etymology and orthography of the English language." — Observer. 



THE STUDENT'S ENGLISH DICTIONARY, ETYMOLOGICAL, PRO- 
NOUNCING, and Explanatory, in which the Words are traced to their 
ultimate Sources, the Root or Primary Meaning inserted, and the other 
Meanings given fully, according to the best usage. For the Use of 
Colleges and Advanced Schools. Illustrated by about Three Hundred 
Engravings on wood. Imp. i6mo, cloth, red edges, 7J. td. ; half-calf, 
loj. td, 

** For those who wish to be put in the way of tracing words to their real origins, and thus recovering 
a perception of those root-relations which the tear and wear of Ume have obscured, Ogilvie's ' Student's 
Dictionary ' will afford more assistance than the ponderous work of Latham." — Scotsman. 



SMALLER DICTIONARY OF THE ENGLISH LANGUAGE, 
Etymological, Pronouncing, and Explanatory, for the Use of 
Schools and Families. Abridged from the ** Student's Dictionary," by 
the Author. Imperial i6mo, cloth, red edges, 2s.6d, ; half-roan, 3^. 6d, 

" We know no Dictionary so suited for school use as this ; it supplies a want which teachers have 
long felt." — British Quarterly Review. 
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